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ABSTRACT
The drive to exercise voluntarily likely results from complex interactions between genes in many organ
systems and various psychological parameters, such as motivation and the perception of fatigue.
Reproducible variations in exercise intensity and duration are well established in laboratory rodents, but
the genes responsible remain largely unknown. Also, to date, studies addressing the adaptive changes to
exercise that might prevent dietary-induced obesity have focused primarily on energy intake and nutrient
oxidation/partitioning, as opposed to genetics. We hypothesize that increased voluntary physical activity
may be a normal mechanism in certain rodent strains to deter dietary-induced obesity and that in an
inbred strain of mice, environmentally sensitive genes must be responsible for observed differences in
individual voluntary exercise performance. To study this theory, we have designed a set of experiments
that establish an animal model to address whether different gene expression profiles can be detected using
microarrays and confirmed with quantitative real-time PCR (qRT-PCR) in distinct exercise phenotypes.
We also used the model to address whether dietary manipulations affect voluntary exercise performance
in a single strain of inbred mice susceptible to dietary-induced obesity. We determined that animals
weaned onto high fat diet exercise at levels significantly higher than those weaned onto low fat diet.
These animals were able to maintain body weight and decrease body fat after three weeks of exercise.
We also report the results and validation of three microarray comparisons using pooled RNA from the
hippocampi of exercising animals. These data suggest that several genes from the HSP 70 family,
specifically several molecular chaperones localized to the endoplasmic reticulum, are differentially
regulated in running versus sedentary animals at several exercise time points. We suggest that increased

xii

voluntary physical activity may be an adaptive response in male C57Bl/6J mice that prevents dietaryinduced obesity on high fat diets, and we demonstrate that differential gene expression profiles related to
exercise could be identified in the brain using microarrays and qRT-PCR. We conclude that genes from
the molecular chaperone family, a well-described environmentally sensitive gene family, are differentially
regulated in response to voluntary exercise in an inbred mouse strain.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

1

1.1 The Obesity Epidemic
Obesity has reached epidemic proportions throughout the Western World, and the United States is at
2

the very forefront of this trend. Using a definition of obesity as Body Mass Index (BMI) > 30 kg/m , over
17% of the adult American population is obese and close to 50% is considered to be overweight (BMI>25
kg/m2) (Mokdad, Serdula et al. 1999; Mokdad, Serdula et al. 2000). Several studies conducted throughout
the mid- to late 1990s have looked at increases in both the incidence and the prevalence of obesity. A
frightening fact elucidated by this research is that the prevalence has increased by more than 50% in the
U.S. over the past 20 years, and by 30-60% worldwide in just the past 7 years (Mokdad, Serdula et al. 1999;
Yanovski and Yanovski 1999).
Obesity research has become a well-established field over the last three to four decades, and it is
now a well-known fact that human obesity is predominantly multigenic and highly dependent on
environmental/genetic interactions. More simply stated, obesity is a result of interactions between genes
and the environment, with the obese phenotype becoming apparent in susceptible individuals when energy
intake chronically exceeds energy expenditure. Animal models have been used for the past 30 to 40 years
to aid the study of physiological and biochemical mechanisms responsible for derangement of normal
energy balance. Such models have included several spontaneous single gene mutations as well as
transgenic and gene knock-out animals (Perusse, Rankinen et al. 2005; York and Hansen 1998). To this
day however, the exact causes of obesity are not an exact science, and the genetic and environmental factors
contributing to human obesity remain incompletely understood (Hill and Melanson 1999).
Heritability studies suggest that as much as 70% of human body weight variability may be
accounted for by genetic factors (Stunkard, Harris et al. 1990; Allison, Kaprio et al. 1996; Yanovski and
Yanovski 1999). Nonetheless, it is virtually impossible that the human genome has changed enough in the
past two decades to be responsible for this trend of increasing body weight and BMI (Booth and Vyas 2001;
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Booth, Chakravarthy et al. 2002) so we are led to ponder the etiology behind this increase. It seems most
obvious that the explanation must involve an overall decrease in physical activity levels in modern,
westernized society, and many recent studies have set out to investigate this variable in the mechanism
leading to obesity (Kohrt, Malley et al. 1992; Kohrt, Obert et al. 1992; Bell, Spencer et al. 1995; Zachwieja,
Hendry et al. 1997; Montgomery, Marshall et al. 1998; Hill and Melanson 1999; Perusse, Chagnon et al.
1999; Chagnon, Perusse et al. 2000). An even more interesting question arises, however, when one
considers the biology behind the motivation to actually seek out and perform physical activity. We suggest
there is a genetic basis related to the propensity to exercise, and speculate that these genes may be
identified, cloned, and sequenced. Assuming that exercise is preventive against gains in adiposity, we also
contend that the identification of such genes could eventually generate targets for new therapeutic agents,
ones that could ultimately aid in the control of today’s obesity epidemic.
1.2 Animal Models of Exercise
Exercise scientists have referred to wheel-running behavior as a measure of physical activity in
caged animals tracing as far back as 1898. For the past century, studies have continued to address this
behavior in wide varieties of animals ranging from rodents to primates (Kohrt, Malley et al. 1992). Several
comprehensive reviews have addressed and attempted to identify the motivation behind and significance of
this behavior (Mather 1981; Sherwin 1998). Although these reviews suggest that internal as well as
external factors may be involved in behavioral causality, all allude to wheel running as a strongly heritable
trait with repeatable differences in intensity between strains, sexes, and individuals (Mather 1981; Sherwin
1998). Over the past decade, increasing numbers of exercise physiologists have used inbred strains of the
house mouse (Mus musculus domesticus) as model systems in physiological genetics and behavior.
Although other species including rats, dogs, horses, and pigs have also been used, due to advancements in
genome mapping and the increasing per diem costs associated with maintenance of research animal
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colonies, mice have become the accepted choice for studying the quantitative genetic basis of variation in
physiology and its associated behavioral traits (Dohm, Richardson et al. 1994).
The following is a review of different examples of animal models used to study physiological
genetics and the behaviors associated with exercise. Several authors have suggested that the discovery and
development of mouse models have been either “genotype driven” or “phenotype driven” (McDonald 2000;
Schuler and Wood 2002), and many of the models used to study exercise physiology fit into these two
categories. Models that are “genotype driven”, such as mice with overexpressed transgenes, seem to be the
most precise and experimentally efficient, but these types have also proven to be more technically difficult
to acquire. Naturally occurring “phenotype driven” models, easier and faster to establish, were the first
models used to study physiological parameters associated with exercise.
Animal behavioralists and behavioral geneticists have long speculated about potential genetic
influences on behavior, including the propensity to exercise (Thompson 1953; Thompson 1956; McClearn
1959; McClearn 1960; McClearn 1961), thus establishing a need to define certain characteristics including
the heritability of the phenotype before genetically-based interpretations could be made. In their two-part
study published in 1976, Ebihara and Tsuji addressed interstrain differences in levels of spontaneous,
diurnal wheel running between twelve inbred strains of mice (Ebihara and Tsuji 1976). After access to
exercise wheels for one week, four of their twelve strains were found to be active only at night, six of the
twelve active mostly at night (but without complete suppression of daytime running) and two of the twelve
active at very high levels, with little or no obvious diurnal rhythm. Among the strains tested, significant
differences in activity levels were apparent regardless of internal factors such as age, sex, estrus, or
pregnancy cycle, or external factors such as lighting, temperature, or humidity. The overall conclusion
made was that the type of diurnal rhythm exhibited was controlled by hereditary factors, although questions
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concerning the classification of these ‘hereditary factors’ were brought to light, in that no distinction was
made between maternal/perinatal (environmental) factors and actual gene constitution (Ebihara and Tsuji
1976).
Shortly after Ebihara and Tsuji’s conclusions were published, Michael Festing conducted a similar
study in which he ranked 26 strains of mice according to their activity levels, as measured by intensity of
voluntary wheel running over one week’s time (Festing 1977). Festing concluded that there was
considerable variation both between and amongst inbred strains, with closely related strains exhibiting
similar activity levels. Harri, et al., later challenged these results based on the short, one week wheelexposure time, but confirmed that the observed intrastrain variation was most likely valid, and that
“individuals within a strain can be categorized as ‘active’ or ‘less active’.” (Harri, Lindblom et al. 1999).
Several other studies have likewise substantiated this finding, reporting wide ranges in numbers of
revolutions run per 24-hour (12-hour light cycle) period in both laboratory and wild house mice (Friedman,
Garland et al. 1992; Dohm, Richardson et al. 1994) .
In 1980, Donald Dewsbury published findings on the examination and comparison of voluntary
running levels and periodicity between 12 species of muroid rodents, including different species of mice
and voles (Dewsbury 1980). The wheel-exposure time was doubled to two weeks in this study, and an
attempt was made to extrapolate the obtained results to actual activity patterns seen in the wild. Dewsbury
was unable to definitively correlate wheel running with open-field activity levels, but he concluded that
open field activity is affected by “many factors and motivational systems”; it was thus not unexpected to
find a lack of correlation between wild-type behaviors and wheel running behavior, as seen in the lab
setting (Dewsbury 1980). Despite falling short of its original goal, this study nonetheless illustrates the use
of spontaneous wheel running as a measure of rodent activity levels, and points out potential confounding
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factors such as activity variation according to diet, and differences in measured levels of wheel running as
compared to the animal’s body mass versus the diameter and weight of the wheel.
As further confirmation of the potential effect genotype has on wheel running behavior, Swallow, et
al. (1998), developed an outbred house mouse (Mus domesticus) animal model that demonstrates the
heritability of activity levels. This model has been used in many studies to investigate genetic selection on
voluntary activity levels and on certain physiological parameters (Swallow, Carter et al. 1998; Swallow,
Garland et al. 1998; Koteja, Garland Jr. et al. 1999; Swallow, Koteja et al. 1999; Zhan, Swallow et al. 1999;
Houle-Leroy, Garland et al. 2000). To establish this animal model, replicated intra-family selection was
performed over ten generations, using four high-selected and four control lines, with the resulting
phenotype exhibiting a 75% increase in activity levels over the controls (Swallow, Carter et al. 1998).
Parameters that have been examined using this model incorporate several physiological determinants of
exercise capacity including VO2max (Swallow, Garland et al. 1998), respiratory exchange ratio (RER)
(Koteja, Swallow et al. 1999), secondary changes in the medial gastrocnemius muscle, a mixed fiber type
muscle that is recruited during rodent locomotion, and other muscle metabolic capabilities (Zhan, Swallow
et al. 1999), and body mass levels at maturity (Swallow, Koteja et al. 1999). More recently the model has
been used to investigate the effects of exercise on muscle HSP72 expression (Belter, Carey et al. 2004), on
age-related alterations in cardiac gene expression (Bronikowski, Carter et al. 2003), and on hippocampal
neurogenesis and spatial learning (Johnson, Rhodes et al. 2003; Rhodes, van Praag et al. 2003)
Similar studies to those mentioned above also exist for many strains of rats. Koch et al. have used
selective breeding to create a rat model of intrinsic aerobic endurance using treadmill running instead of
running wheels. Although the use of treadmill running as well as that of swimming introduce variables
including psychological stresses associated with forced (as compared with voluntary) exercise, these models
have been used extensively to study exercise capacity, aerobic endurance, and associated influences on
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body mass (Koch, Meredith et al. 1998; Koch and Britton 2001). Many researchers have also used
“phenotype driven” voluntary running-wheel rat and mouse models to examine different physiological
parameters and metabolic adaptations such as changes in muscle lipoprotein lipase activity (Bagby, Johnson
et al. 1986), leptin expression (Zachwieja, Hendry et al. 1997; Surwit, Edwards et al. 2000), aerobic
capacities and VO2max (Lambert and Noakes 1990; Swallow, Garland et al. 1998), muscular vascular
adaptations (Sexton, Korthuis et al. 1988; Sexton 1995), and circadian rhythm (Edgar and Dement 1991;
Edgar, Kilduff et al. 1991).
Phenotype-driven models have also been used in larger animal species. Exercising horses have been
used to study splenic contraction and “autotransfusion” during heavy physical activity (Stewart and
McKenzie 2002), thermoregulatory responses to exercise (McConaghy, Hodgson et al. 1998), exerciseinduced pulmonary hemorrhage, and other physiological respiratory adaptations to exercise stress (Johnson,
Soma et al. 1992). Due to the similarities between porcine and human cardiovascular physiologies, pigs
have also become common models in studies of the exercise effects on coronary and collateral
vascularization and myocardial ischemia (Bloor, White et al. 1984). Finally, dogs have been used in many
similar studies to those listed for horses and pigs (Stewart and McKenzie 2002) (Scheel, Ingram et al. 1981;
Knight and Stone 1983; Cohen and Steingart 1987). The biggest drawbacks to using these physiological
animal models include the spaces necessary to house and exercise them, along with the extensive costs
associated with daily upkeep.
The one major confounding factor in human genetic studies is the lack of homogeneity within the
human population. Certain animal models, however, can be manipulated both to minimize inter-individual
variability and to develop genetically engineered models when the function (or lack there-of) of a certain
gene warrants evaluation. Most of the “genotype driven” models used in exercise physiology consist of
four types: inbred strain comparisons (resulting in spontaneous phenotypes, as previously discussed), gene
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knockout models, overexpression models, and transgenics. Many examples exist throughout the current
literature, particularly in strains of mice, and with increasing numbers appearing in rats. Genetically
engineered mutants are not highly feasible in other species due to the long production time associated with
gestational and developmental time frames.
The simplest “genotype driven” model is the inbred rodent strain. Inbred strains have proven to be
valuable resources in studies of genetics or gene-environment interactions due to the decreased interindividual variability associated with such strains. Once the rodent exercise phenotypes were defined and
confirmed to exhibit a genetic mode of inheritance, models based predominantly on different genotypes
began to appear. Today, as scientists learn more about the apparent functions of different genes, they are
able to manipulate these genes and then study the resultant phenotypes. For example, levels of voluntary
physical activity in conjunction with evaluation of the adreno-pituitary-hypothalamic axis have been studied
in both of the single-Mendelian knockout models of murine obesity, the ob -/ob- mouse and the db - /dbmouse (Stickland, Batt et al. 1994; Tang and Reed 2001; Halseth, Ensor et al. 2002; Droste, Gesing et al.
2003; Zhou and Shearman 2004). Other examples of knockout mice that have been used to study exercise
physiology include the Aromatase-deficient (ArKO) mouse (Jones, Thorburn et al. 2001), melanocortin
receptor (MC3R and MC4R) knockouts (Butler and Cone 2002), alpha1-syntrophin-deficient (alphasyn -/-)
mice (Hosaka, Yokota et al. 2002), insulin receptor substrate-2 (IRS-2) deficient mice (Howlett, Sakamoto
et al. 2002), UCP-3 knockouts (Vidal-Puig, Grujic et al. 2000; Giacobino 2001), GLUT4 knockouts
(Zisman, Peroni et al. 2000), and beta adrenergic receptor knockouts (Rohrer, Chruscinski et al. 1999). In
addition to gene knockout models, another frequently used type is the overexpression model. Currently, the
glucose transporter 4 pathway seems to be the most widely investigated overexpression model in exercise
research, particularly in skeletal muscle (Tsao, Li et al. 2001). As other metabolic and physiologic
pathways continue to be identified and characterized, and as more is learned about the homologies between
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the human and mouse genomes, increasing numbers of genetically engineered models are going to be used
in the study of physiological genetics and behavior.
1.3 Beneficial Effects of Exercise
1.3.1 Beneficial Effects of Exercise on the Periphery
While physical inactivity is a recognized risk factor for myriads of diseases, including obesity and
decreased longevity (Blair and Church 2004), the benefits of regular exercise are multisystemic and well
documented to positively affect many aspects of overall health (Fletcher, Blair et al. 1992; Fletcher, Balady
et al. 1996). Exercise training increases cardiovascular functional capacity, simultaneously decreasing
myocardial oxygen demand at any level of physical activity, as demonstrated by a decrease in the product
of heart rate X systolic arterial blood pressure (Fletcher, Balady et al. 1996). Aerobic exercise has been
shown to have an independent blood-pressure lowering effect in certain hypertensive individuals (Jennings,
Deakin et al. 1991), and there has been a direct relationship revealed between physical inactivity and
cardiovascular mortality, with physical inactivity as an independent risk factor for the development of
coronary artery disease (Whaley and Blair 1995; Fletcher, Balady et al. 1996; Williams, Armstrong et al.
2000). Exercise training increases maximum cardiac output as well as skeletal muscle’s ability to extract
and use oxygen (as well as macronutrients, see below) from the blood, resulting in increased ventilatory
oxygen uptake (Fletcher, Balady et al. 1996). Blair et al. (1989) have reported a dose-responsive relation
between the amount of exercise performed (on a kilocalorie expended per week basis) and all-cause
mortality and cardiovascular disease mortality in middle-aged and elderly populations, with the greatest
benefits achieved in the sedentary who become moderately active.
Exercise training favorably alters lipid and carbohydrate metabolism, helping to control
dyslipidemias, diabetes, and obesity (Dunnington, White et al. 1977; Hamborg 1982; King and Tribble
1991; Miller, Balady et al. 1997; Noakes and Clifton 2000; Schrauwen and Westerterp 2000; Speakman and

9

Selman 2003). Several studies have demonstrated that regular exercise in overweight individuals can alter
adipose tissue distribution, which may influence not only cardiovascular risk, but also insulin sensitivity
(Rosenthal, Haskell et al. 1983; Whaley and Blair 1995; Williams 1996; Blair and Church 2004; Blair,
LaMonte et al. 2004). In addition, substantial increases in high-density lipoproteins have been found in
women who exercise with high levels of recreational running (Tran and Weltman 1985; Williams 1996).
Regular physical activity has been shown to increase bone strength as measured by bone mineral density in
all demographics, including children, but especially in aging populations (Kravitz, Cisar et al. 1993). It has
been shown to prevent stress-induced suppression of the immune system (Fleshner 2005; Greenwood, Foley
et al. 2005), to affect antioxidant gene expression (Bronikowski, Morgan et al. 2002), and retard the
accumulation of cell damage and physiological dysfunction, ultimately influencing cellular senescence and
organism longevity (Navarro, Gomez et al. 2004).
1.3.2 Beneficial Effects of Exercise on the Brain
In addition to the peripheral effects described above, regular physical activity has been documented
to incite many of the same benefits on the central nervous system, as well as others that enhance and protect
brain function. It has been suggested that exercise can promote neural plasticity, enhance long term
memory potentiation, and aid in the alleviation of depression and anxiety (Adlard and Cotman 2004; Garza,
Ha et al. 2004). In this context, exercise may prove to act as a protective mechanism against many
neurodegenerative diseases, including Alzheimers’s (Berchtold, Kesslak et al. 2002), Parkinson’s (Sutoo
and Akiyama 2003), and Huntington’s Diseases (Bredt 1999; Mattson 2000; Smith and Zigmond 2003;
Mattson, Maudsley et al. 2004).
In their review, Cotman and Engesser-Cesar state that unlike erythrocytes, which have a lifespan of
120 days, neurons must last a lifetime, often exceeding 80+ years (Cotman and Engesser-Cesar 2002). This
group has developed a voluntary exercise wheel, mouse model to examine the effects of exercise on the
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brain, and specifically on the hippocampus. In their studies, they have proposed that wheel running induces
increases in several neurotrophins that effect neuronal survival, enhance learning, and protect against
cognitive decline (Cotman and Berchtold 2002; Cotman and Engesser-Cesar 2002). Several other groups
have recently conducted similar experiments, have reached identical conclusions, and have gone on to
assess the effects these neurotrophins have on different behavioral phenotypes (Neeper, Gomez-Pinilla et al.
1995; Tong, Shen et al. 2001; Berchtold, Kesslak et al. 2002; Sumitani, Miyamoto et al. 2002; Johnson and
Mitchell 2003; Rhodes, van Praag et al. 2003; Adlard, Perreau et al. 2004; Farmer, Zhao et al. 2004; Garza,
Ha et al. 2004; Mattson, Maudsley et al. 2004; Vaynman, Ying et al. 2004). Probably the best-known and
most described member of the armada of neurotrophins is brain derived neurotrophic factor (BDNF).
BDNF supports the health and function of glutaminergic neurons, the primary neuronal type in the brain,
and the major projection neuron connecting cognitive, sensory, and motor brain regions (Cotman and
Engesser-Cesar 2002). BDNF is synthesized in the cell body and transported to the synapse. In addition to
enhancing synaptic efficiency, BDNF also promotes neurogenesis and neurite extension, and supports
neuronal differentiation and survival, both in vitro and in vivo (Baldelli, Forni et al. 2000; Molteni, Ying et
al. 2002).
Another important molecule described as being altered with voluntary exercise is Insulin-like
Growth Factor 1 (IGF-1). Treadmill running in rats enhances IGF-1 uptake by neurons, and it has been
proposed to be the mediator of activational effects of exercise in the brain (Carro, Nunez et al. 2000).
Through a series of experiments using a rat treadmill-exercise model, Carro et al. (2000, 2001, 2003, and
Trejo et al. 2001) have suggested that with exercise, serum IGF-1 is able to pass through the blood-brain
barrier via the choroid plexus to the brain, where it accumulates in certain types of neurons stimulating
neuronal expression of c-fos, as well as BDNF. The group concludes that this process likely results in longlasting changes in neuronal activity (Carro, Nunez et al. 2000; Carro, Trejo et al. 2001; Carro, Trejo et al.
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2003). Finally, animal experiments since the late 1980s have documented that exercise will increase brain
concentrations of norepinephrine (NE) and other monoamines in certain brain regions involved with the
stress response (Dishman 1997). Dishman et al. (1997) have shown that episodes of voluntary exercise lead
to increased levels of NE and its metabolites, which protect against dysregulation of pituitary-adrenal
cortical responses and maladaptive behavioral responses to uncontrollable, unpredictable nonexercise
stressors. Ultimately these effects may be associated with the antidepressant and anxiolytic effects of
voluntary physical activity.
1.4 The Hippocampus
A large number of studies examining the effects of exercise on the brain have specifically addressed
changes in a neuroanatomic region known as the hippocampus. Lying deep in the temporal lobe (figure
1.1), the hippocampus is part of the limbic system and is known not only to exert important influences on
the endocrine and autonomic systems, but also to affect motivational and mood states in humans. It is
involved in the acquisition of both long term and short term memories, and is chiefly responsible for
mediation of stress responses via the hypothalamic pituitary axis, and for adaptive behavior in novel
environments (Purves 2001). The hippocampus has been implicated in fear conditioning (Fendt, Fanselow
et al. 2005), spatial memory (Kessels, de Haan et al. 2001), depression (Malberg 2004), epilepsy and
seizure susceptibility (McEwen 2001), CNS-mediated glucoregulation through cholinergic epinephrine
secretion (Uemura, Iguchi et al. 1989), and cognitive disorders such as Alzheimer’s Disease (Garzon, Yu et
al. 2002).
The hippocampal formation is comprised of 6 cytoarchitecturally distinct regions, linked by
primarily unidirectional projections (figure 1.2A) (Hasselmo 1995). These regions include the dentate
gyrus, the hippocampus proper (regions CA1, CA2, CA3) (figure 1.2B), subicular cortex (comprised of the
subiculum, the presubiculum, the parasubiculum), and the entorhinal cortex (composed of two or more
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subdivisions) (Hasselmo 1995). Although the neurophysiological roles for each of these areas are
beginning to be elucidated and reported, distinct functions remain incompletely understood, as they are
based mainly on computational models derived from hippocampal connectivity studies (Strange and Dolan
1999; Guzowski, Knierim et al. 2004). What is well known and widely reported, however, is that the
hippocampus exhibits a large degree of functional and structural plasticity, that even throughout adulthood
the hippocampus generates large numbers of neurons, and that voluntary exercise can induce this process
(van Praag, Christie et al. 1999; van Praag, Schinder et al. 2002; Kozorovitskiy and Gould 2004).
1.5 Heat Shock Proteins
Heat shock proteins (HSP) are named according to their mass in kilodaltons and are induced in
response to heat in all organisms from yeast to man. They are highly conserved between different species,
with up to 60% homology reported between man and Saccharomyces and up to 78% reported between man
and Drosophila for HSP90 (Fehrenbach and Niess 1999). Although HSP were originally identified by their
induction following exposure to elevated temperatures, in actuality they are better deemed as “stress
proteins,” as they are also upregulated by a wide range of stimuli including viral infection, ischemia, and
treatment with substances such as ethanol, steroid hormones, amphetamines, and sodium arsenite
(Fehrenbach and Niess 1999). Interestingly, HSP are synthesized even by unstressed cells, as evidenced by
the finding that HSP90 is one of the most abundant proteins in mammalian cells, constituting up to 1-2% of
total cytoplasmic protein, even prior to physiological stress (Pratt and Toft 2003).
The functions of all HSP are similar, serving to help guarantee intracellular protein homeostasis. They
defend against cellular stress by protecting against an initial insult, augmenting recovery, and producing a
state of resistance against subsequent stress (Huang, Mivechi et al. 2001). Huang et al. (2001) attribute
this protective role to several functional properties, including (1) active participation in protein folding,
(2) maintenance of proteins in their correct, native folded states, (3) repair or promotion of degradation of
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Figure 1.1: Computer generated model of the mouse hippocampus to illustrate its shape and position deep
within the temporal lobe of the brain.
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Figure 1.2: Hematoxylin and eosin stained cross-sections of mouse brain. (A) 4X magnification (B) 10X
magnification illustrating 3 hippocampal regions and their locations with respect to the cerebrum. “CA” is
derived from Cornu Ammonis (Latin; Ammon’s Horn). CA 1, 2, and 3 constitute the hippocampus proper,
see text for additional details.
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misfolded proteins. Several HSPs also aid in modulating the initiation and/or progression of apoptosis
(Beere and Green 2001). Pertinent to the research presented in this dissertation, the murine HSP70 family
contains at least 7 proteins, including HSC70 (the heat shock cognate protein), GRP75 and GRP78 (the
glucose regulated proteins), HSP70-2 (spermatocyte specific), and HSC70t (testis specific), HSP70-1 and
HSP70-3 (Huang, Mivechi et al. 2001). HSP70-1 and HSP70-3 genes are intronless, and they encode
identical 68kDa proteins, which rely on ATP-regulated association with hydrophobic segments of substrate
peptides. They are constitutively expressed under physiologic conditions in certain tissues, where they play
a role in monitoring and assisting the maturation of normal proteins (Brewer, Cleveland et al. 1997), and
they are documented to undergo induction several-fold under conditions of cellular stress (Huang, Mivechi
et al. 2001).
1.5.1 Endoplasmic Reticulum Molecular Chaperones
Most relevant to the research presented herein is glucose regulated protein 78 (GRP78), a member
of the HSP70 family. GRP78 is known by several names, including HSP5a and BiP (immunoglobulin
binding protein); its yeast homolog is called Kar 2 (Kimata, Kimata et al. 2003). GRP78 is an abundant
member of the 70kDa molecular chaperone family and is localized to the lumen of the endoplasmic
reticulum (ER) where it is involved in protein folding, assembly of multimeric complexes, and polypeptide
translocation across the ER membrane (Pahl 1999). It participates in the quality control of secretory
proteins, with its transcription induced by severe glucose deprivation, chronic anoxia, acidic pH, and other
situations constituting ER stress. Briefly, GRP78 prevents protein folding intermediates from aggregating
and stabilizes otherwise energetically unfavorable conformations of polypeptides to minimize irreversible
protein misfolding (Kaufman 1999). In addition to its protein chaperone functions, GRP78 also acts as an
apoptotic regulator by protecting host cells against ER-stress induced death (Kim and Arvan 1998). In this
context, GRP78 inhibits cytochrome c-mediated caspase activation and thus blocks caspase-mediated cell
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death. More specifically, GRP78 complexes with caspase 7 and 12 and prevents release of caspase 12 from
the ER (Rao, Peel et al. 2002). Many experiments have been conducted addressing the roles and actions of
GRP78 in the liver (Mkrtchian, Fang et al. 1998; Bernstein, Payne et al. 1999; Tardif, Mori et al. 2002;
Rabek, Boylston et al. 2003; Shuda, Kondoh et al. 2003; Szczesna-Skorupa, Chen et al. 2004), pancreas
(Takemoto, Yoshimori et al. 1992; Nigam, Goldberg et al. 1994), immune system (Kinoshita, Purcell et al.
1999; Yang, Li et al. 2000; Purcell, Todd et al. 2003), and brain (Althausen and Paschen 2000; Qian, Harris
et al. 2000; Kakimura, Kitamura et al. 2002; Mengesdorf, Althausen et al. 2002; Hayashi, Saito et al. 2003;
Paschen 2003; Paschen, Yatsiv et al. 2004). Other ER molecular chaperones with similar functions relevant
to this research include GRP58 (Lindquist, Jensen et al. 1998; Guo, Patel et al. 2002), SDFR2l-1 (Meunier,
Usherwood et al. 2002; Yacubova and Komuro 2003), and GRP94 (a.k.a. GRP96, TRA-1) (Li and Lee
1991; Ferreira, Norris et al. 1994; Cala 2000; Descoteaux, Avila et al. 2002). Many of these proteins work
in concert with GRP78 to ensure that protein homeostasis is maintained (figure 1.3).
1.5.2 The Unfolded Protein Response
All of the aforementioned molecular chaperones work to achieve ER quality control and to prevent export
of incompletely or improperly folded proteins. They also initiate removal of proteins that may be
improperly folded or otherwise incompetent, to aid in reducing potential harm posed by peptides potentially
prone to aggregation and malfunction. This process is known as the Unfolded Protein Response (UPR)
(Calfon, Zeng et al. 2002; Harding, Calfon et al. 2002; Kimata, Kimata et al. 2003; Ma and Hendershot
2004). The UPR is a transcriptional and translational intracellular signaling pathway activated by the
accumulation of unfolded proteins in the lumen of the ER, and characterized by the activation of at least
two signal transduction cascades. Its purpose is to ensure that a cell’s protein folding capacity is not
overwhelmed (Shen, Ellis et al. 2001; Kaufman 2002). The UPR is activated under conditions that cause
ER dysfunction, when unfolded proteins tend to accumulate in the lumen of the ER (Kaufman 1999). Such
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conditions include (but are not limited to) disruption of cellular or ER calcium stores,ischemia/reperfusion,
perturbations of reduction-oxidation status, elevated secretory protein synthesis, expression of misfolded
proteins, sugar/glucose deprivation, altered glycosylation, exposure to heavy metals or amino acid analogs,
and cholesterol starvation (Kaufman 1999; Pahl 1999; Kaufman 2002; Yoshida, Matsui et al. 2003). The
purpose of the UPR is not only to stop accumulation of newly synthesized proteins that cannot be correctly
folded, but also to increase expression and translation of ER stress proteins in order to restore proper ER
function (Kaufman 2002). When the UPR is activated, cells undergo a decrease in the amount of new
protein translocated into the ER lumen, an increase in retro-translocation and degradation of ER-localized
proteins, and a bolstering of the protein folding capacity of the ER (Kaufman 2002).
Six of the most intregral proteins to the UPR work in concert to orchestrate several important
mechanisms. These six molecules include inositol-requiring 1and (IRE-1), X box binding protein-1
(XBP-1), RNA-dependent protein kinase-like ER kinase (PERK), activating transcription factor 6 (ATF6),
eukaryotic translation initiation factor 2(eIF2) and the master regulator, GRP78 (Kaufman 2002). The
UPR mechanisms culminate with increased transcription of certain stress responsive genes including XBP1, simultaneous activation of XBP-1, and attenuation of protein synthesis (Kaufman 2002). GRP78 is the
most abundant ER chaperone, and it plays essential roles in activating IRE-1, PERK, and ATF6 in response
to ER stress (Dorner, Wasley et al. 1992; Bertolotti, Zhang et al. 2000; Shen, Chen et al. 2002; Zhang and
Kaufman 2004). It is a peptide-dependent ATPase and member of the heat shock protein 70 family.
GRP78 uses energy from ATP hydrolysis to bind transiently to newly synthesized proteins translocated into
the ER and more permanently to underglycosylated, misfolded, or unassembled proteins in order to promote
folding and prevent aggregation (Kaufman 2002; Zhang and Kaufman 2004).

Under non-stressed

conditions, GRP78 binds to the luminal domains of the three proximal sensors, IRE-1, PERK, and ATF6, to
maintain them within the ER (Mori, Ogawa et al. 2000). These three molecules then act via combinatorial
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interactions to regulate the production and/or quality of other transcription factors and molecules implicit to
the stress response (Kaufman 2002).
IRE-1 is highly conserved with homologues present across the evolutionary tree. It is a type 1
transmembrane Ser/Thr protein kinase with site-specific endoribonuclease activity (Kaufman 2002). There
are two mammalian IRE-1 genes, including IRE-1, which is ubiquitously expressed, and IRE-1, which is
restricted to the gastrointestinal tract (Harding, Calfon et al. 2002). Both IRE-1 proteins respond to ER
stress by dimerization, trans-autophosphorylation and subsequent activation of downstream target genes
(Harding, Calfon et al. 2002). One such target gene is the transcription factor XBP-1. When unfolded
proteins are present within the ER, GRP78/IRE-1 associations are competitively inhibited, and IRE-1-P is
rendered active as an RNase (Kaufman 2002). IRE-1-P then cleaves XBP-1 mRNA to remove a 26nucleotide intron fragment, generating a translational frameshift which results in active, processed XBP-1
(XBP-1p) (Paschen 2003). XBP-1p then functions as an active transcription factor, inducing the expression
of GRP78 and other ER stress genes (Paschen 2003) (figure 1.4).
The activating transcription factor ATF6 is processed to form several transcription factors that
subsequently migrate to the nucleus, increasing transcription of responsive genes such as XBP-1
(Kaufman 1999). In the unstressed state, GRP78 binds to ATF6 preventing it from entering the golgi
compartment. When unfolded proteins accumulate in the ER, GRP78 is released, and ATF6 is cleavedby
two processing enzymes (site-1 protease, S1P; and site-2 protease, S2P). The resulting cytosolic fragment
then migrates to the nucleus where it activates transcription of several responsive genes including XBP-1
(Kaufman 2002). Finally, in parallel with cleavage and activation of ATF6 and the subsequent changes in
gene transcription, accumulation of unfolded proteins within the ER also alters cellular patterns of
translation. The protein kinase PERK is implicated in this arm of the UPR (Kaufman 2002). Similar to its
association with IRE-1, in the unstressed state, GRP78 binds the luminal domains of PERK to prevent
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dimerization (Kaufman 2002). GRP78 release permits PERK dimerization and activation to phosphorylate
the alpha subunit to eIF2 at Ser51 resulting in reduced frequency of AUG initiation codon recognition and
attenuation of protein synthesis (Kaufman 1999; Kaufman 2002; Yan, Frank et al. 2002).
All of these mechanisms work together to monitor and assist in the maturation of normal proteins
and all are essential for proper homeostatic operation of the secretory pathways (Brewer, Cleveland et al.
1997). It is imperative however, that once cellular stress is alleviated the UPR be down-regulated, as
prolonged UPR activation leads to apoptotic cell death (Kaufman 2002). Several pathways incite this
denouement and most have been investigated using analysis of specific gene-deleted cells. Examples
include activation of c-Jun-N-terminal inhibitory kinase (JIK) and the cytosolic adaptor TRAF2 by
activated IRE-1 (Kaufman 2002). These molecules are recruited to the ER membrane where they activate a
mitogen-activated protein kinase kinase kinase (MAPKKK) that in turn activates the JNK protein and
several redundant mitochondria-dependent caspase cascades (Kaufman 2002). Other death-signaling
pathways involving CHOP/GADD153 are also stimulated by these processes (Ron 2002).
Derangements in all of the aforementioned pathways have been linked to many disease processes.
Kim and Arvan offer an extensive review of various endocrinopathies in the family of endoplasmic
reticulum storage diseases including congenital hypothyroidism, diabetes insipidus, osteogenesis
imperfecta, diabetes mellitus, growth hormone receptor defects, primary hypoparathyroidism, and several
lipid disorders such as LDL receptor deficiency, lipoprotein lipase deficiency, microsomal triglyceride
transfer protein deficiency (Kim and Arvan 1998). Muchowski et al. (2002 and 2005) suggest that
neurodegenerative diseases including amyotrophic lateral sclerosis, Alzheimer’s, Parkinson’s, Huntington’s
and polyglutamine disorders may all share a common pathogenic mechanism involving ER molecular
chaperones, as they are all characterized by conformational changes in proteins that result in misfoldling,
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aggregation, and intra- or extra-neuronal accumulation of amyloid fibrils. Furthermore, Paschen (2003) has
described the ER as a primary target in various disorders and degenerative diseases of the brain.
1.6 Exercise and Heat Shock Proteins
Exercise produces physiological stress on cells and is considered to be a sufficient stimulus to
induce and/or enhance synthesis of HSP throughout mammalian cells and tissues (Fehrenbach and Niess
1999). When an animal becomes physically active, cellular milieux are changed and transient states of
glucose deprivation, cytokine stress, oxidative stress, heat shock, muscular stress, hypoxia, and high lactatelow pH are produced (Fehrenbach and Niess 1999). As such, reactive oxygen species, reactive nitrogen
species, nitric oxide, and carbon monoxide are created resulting in damage to proteins and cellular
activation, all of which lead to HSP induction (Locke and Noble 1995; Fehrenbach, Passek et al. 2000;
Ghosh and Ghosh 2003). Although the mechanisms that lead to induction of this stress response remain
incompletely understood, it has been well documented that certain HSP are constitutively expressed at
higher levels in the skeletal and cardiac muscles of trained individuals as compared to sedentary ones, and
that following stressor exposure, expression is induced more quickly in trained individuals (Walters, Ryan
et al. 1998; Powers, Locke et al. 2001; Willoughby, Priest et al. 2002; Campisi, Leem et al. 2003).
Additionally, it has been speculated that genetics may play a significant role in the adaptative response to
exercise (Massett and Berk 2005), which may also affect expression patterns of heat shock proteins and
other molecular chaperones. Belter et al. (2004) state, “ecological and evolutionary physiologists are giving
increasing attention to the cellular stress response as a potential force that can potentially shape organismal
biology”. Physical activity is but one aspect of animal physiology that can induce a stress response and it
may play a role not only in natural selection of the stress response (Belter, Carey et al. 2004), but also on
the organism as a whole, and the manner in which it may respond to its environment.
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1.7 Aims and Objectives
1.7.1 Objectives
After careful consideration of the numermous benefits exercise has been documented to induce throughout
both the brain and the periphery, we have designed the following experiments to address two main
questions. First, we sought to determine whether environmentally sensitive genes exist that might exhibit
differential expression patterns based on voluntary physical activity levels. We postulated that these genes
might influence either the propensity to voluntarily exercise or the overall response to exercise, and our
ultimate goal was to identify and characterize such genes and their related families. Our second objective
was to address whether diets with differing saturated dietary fat content would have an effect on voluntary
exercise levels in an inbred strain of mouse that is susceptible to dietary induced obesity. The C57Bl/6J
mouse was used to conduct these experiments. This strain falls within the middle range of the ranking
profile performed by Michael Festing (1977), and previously conducted studies (Ebihara and Tsuji 1976;
Lapvetelainen, Tiihonen et al. 1997) suggested that there would be significant enough intrastrain variability
in activity levels to identify high-level versus low-level exercisers. In addition, this strain is known to
develop obesity and many associated metabolic derangements when placed on a high fat diet (Surwit, Kuhn
et al. 1988; Rossmeisl, Rim et al. 2003). To avoid the potential internal factors related to estrus cycle
(documented to increase activity levels) or pregnancy (decrease in activity levels) (Sherwin 1998), only
male mice were used in the studies. By using an inbred strain, we intended that all animals would begin
with a nearly identical genotype (99.9% genetically identical), thereby increasing the probability that any
phenotypic variation would be due strictly to environmental influences. Because the level of voluntary
exercise was the only known variable between groups, it was assumed that the differentially expressed
genes would be related to levels of exercise.
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1.7.2 Specific Aims
1. To design and optimize an animal model appropriate for identifying and analyzing gene expression
patterns in the brain as they relate to either the propensity to voluntarily exercise or as they influence
the overall response to voluntary exercise
2. To use this animal model to explore any potential effects of dietary fat on the voluntary exercise
phenotype
3. To use microarray technology and quantitative real-time PCR (qRT-PCR) to characterize gene and
transcript expression profiles in extreme exercise phenotypes
4. To confirm functional protein levels as they relate to gene and transcript expression levels.
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CHAPTER 2
ESTABLISHMENT OF THE VOLUNTARY EXERCISE PHENOTYPE
IN THE MALE C57BL/6J MOUSE
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2.1 Introduction
The weight gain response to a high fat diet may show large variation within an inbred rodent
strain. Analogously, so may the willingness to exercise, whether in a voluntary or a forced paradigm.
Many speculate that this variation is likely due to epigenetic influences, and may reflect the effects of
early environmental factors on the expression of certain genes into adult life and even into future
generations. “Epigenetics”, the study of heritable changes in gene expression that occur without changes
in DNA sequence, has recently been catapulted to the forefront of genetics research. Epigenetics
characterizes the inheritance of information on the basis of gene expression, in contrast to traditional
“genetics”, which describes the inheritance of information solely on the basis of DNA sequence
(http://www.epigenx.com/epigenetics.htm). As individual animals within inbred rodent strains are
virtually identical in terms of gene sequence, they are proving to be useful models with which to study
epigenetics (Melnick, Chen et al. 1998; Wolff, Kodell et al. 1998; Fraga, Herranz et al. 2004; Gould and
Manji 2004; Murakami, Nishigaki et al. 2004; Niemitz and Feinberg 2004). In utero and perinatal
environmental experiences such as positional orientation in the uterus, maternal body temperature and
hormonal profiles, gestational nutritional status, birth weight, overall body size, and behavioral
dominance among the offspring group may help to program peripheral and central pathways regulating
food intake, energy balance, and energy partitioning. They may also affect behavioral patterns such as
those associated with voluntary wheel running.
For decades, wheel running has remained the preferred method with which to estimate voluntary
exercise performance (Sherwin 1998), and several animal models have been developed that have proven
voluntary exercise to be a strongly heritable trait with reproducible inter- and intra-strain intensity
differences in laboratory rodents (Swallow, Carter et al. 1998; Swallow, Garland et al. 1998; Koteja,
Garland Jr. et al. 1999; Swallow, Koteja et al. 1999; Swallow, Wilkinson et al. 2000). Recently
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published data has raised questions about the validity of using forced, versus voluntary, exercise methods
in animal research (Zachwieja, Hendry et al. 1997; Narath, Skalicky et al. 2001). Several groups have
reported that forced treadmill running produces many negative physiological adaptations in rats, including
neuroendocrine and immune responses commonly associated with chronic stress (Moraska, Deak et al.
2000), along with more positive physiological adaptations such as decreased body weight gain and
increased muscle citrate synthase activity. Others have reported voluntary wheel running to be more
effective at enhancing survival and maintaining lower body fat levels in aging rats than either forced
treadmill running or restrictive feeding (Narath, Skalicky et al. 2001).
We speculated that specific environmentally sensitive genes may be responsible for certain
intrastrain phenotypic variations in an inbred mouse strain, and that epigenetic mechanisms may have
affected the gene expression patterns. Our initial studies were designed to generate and optimize an
animal model that would demonstrate a wide range of phenotypic responses to a high fat diet, and to
evaluate the effects of voluntary exercise on these phenotypes. We also intended to address the effects of
dietary fat on voluntary physical activity levels. Our ultimate goal was to use this model to identify
unique gene and protein expression profiles among individuals at opposite ends of a voluntary exercise
phenotypic spectrum.
We chose the C57Bl/6J mouse as the strain for our model for two main reasons. First, the
C57Bl/6J strain has been shown to perform well in a voluntary exercise paradigm (Lerman, Harrison et al.
2002), and to exhibit intra-strain variation when given the opportunity to exercise voluntarily (Festing
1977; Samorajski, Delaney et al. 1985; Talan and Ingram 1986; Mollenauer, Bryson et al. 1992;
Lightfoot, Turner et al. 2001; Lerman, Harrison et al. 2002; Lightfoot, Turner et al. 2004). Second, the
C57Bl/6J has been well characterized as having a genetic predisposition for the development of dietaryinduced obesity, insulin resistance, and non-insulin-dependent diabetes when given access to a high fat

42

diet (Surwit, Kuhn et al. 1988; Rossmeisl, Rim et al. 2003). Furthermore, in unpublished work, Kozak et
al. have demonstrated that this weight gain is highly variable between individuals and that the phenotype
is stable and repeatable such that individuals will return to the same adiposity levels after restrictive
feeding is discontinued.
Our goals were multiple in developing our exercise animal model. Through several experiments,
we sought to determine (1) whether voluntary physical activity could be protective against dietaryinduced obesity in susceptible individuals, and (2) whether certain levels of exercise would be better at
achieving this effect. We also postulated that (3) dietary fat could have an effect on levels of voluntary
exercise in a strain susceptible to dietary induced obesity. Finally, we intended to (4) confirm that the
C57Bl/6J strain would have enough variability in individual voluntary exercise levels in an acute setting
to pursue future gene expression studies. In order to limit the numbers of genes differentially expressed
as a result of exercise, and to maximize the potential to identify genes causal for the phenotype, we sought
to (5) determine the shortest period of time in which individual exercise patterns could be established.
Our first experiment was designed to address questions regarding exercise on a high fat diet that
would prove useful in planning future studies, including 1) to determine whether adequate intrastrain
variation in voluntary exercise levels existed to divide animals into top and bottom deciles, 2) to
determine how long it would take for an animal to establish itself as a high or low-running animal, 3) to
compare exercising to sedentary animals on HFD for 11 weeks and determine whether exercise protected
against dietary obesity in susceptible individuals, 4) to determine the best intervals in which to collect
data, and the time(s) of day in which the animals were most reproducibly active, and 5) to refine animal
husbandry techniques in order to optimize exercise performance. The second experiment was designed to
confirm the shortest time period needed to recapitulate individual variation in voluntary exercise levels, as
estimated from experiment one. The aim of the third experiment was to establish the most appropriate
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diet for optimal exercise performance. The last two experiments (four and five) were designed to evaluate
the effect of dietary fat on voluntary exercise levels in the C57Bl/6J, and to compare exercise
performance on diets of differing compositions. Experiment four was a pilot study, addressing exercise
levels in animals on HFD versus chow, and experiment five was a further refinement of that study, with
animals weaned onto either HFD or a control, nutrient-matched LFD. Animals were allowed access to
voluntary exercise for three weeks in both of these experiments.
2.2 Materials and Methods
All procedures used throughout these studies were reviewed and approved by the Pennington
Biomedical Research Center Institutional Animal Care and Use Committee. Breeding pairs of C57Bl6/J
mice were obtained from the Jackson Laboratory. All experimental mice were bred at the Pennington
Biomedical Research Center, Baton Rouge, Louisiana, which is fully accredited by the Association for the
Assessment and Accreditation of Laboratory Animal Care, International (AAALAC, Int.).
2.2.1 Experiment One: 11 weeks Exercise on HFD
At three weeks of age, male C57Bl/6J mice were weaned onto rodent chow (PicoLab ® Rodent Diet
20; LabDiet 5053, St Louis, MO) containing 3.08 kcal of metabolizable energy/g of diet [23.55% protein,
11.922% fat, and 64.528% carbohydrate (primarily as complex polysaccharides)] and kept on 12:12 light:
dark cycles with ad libitum access to food and water (figure 2.1). The animals were maintained as
weanling groups with no greater than four animals per shoebox cage (29.2 x 19.1 x 12.7 cm) until eight
weeks of age. At eight weeks of age, all mice were individually housed in shoebox cages and switched to
a high fat diet (HFD; Research Diets D12331, New Brunswick, NJ) containing 5.56 kcal of metabolizable
energy/g of diet [16.4 % protein, 58.0% fat, and 25.5% carbohydrate (approximately 50% as sucrose)].
Also at this time, animals were randomly assigned to one of two groups, either sedentary (SED, n=111; to
be maintained in shoebox cages on HFD) or exercising (EX, n=96; to be given continuous access to
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Figure 2.1: Timeline representations of animal experimental design for Experiments 1-3
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Figure 2.2: Timeline representations of animal experimental design for Experiments 4 and 5.
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exercise wheels for 11 weeks on HFD). EX animals were moved into the wheel room and given two weeks
to acclimate. At ten weeks of age, all EX animals were given continuous access to exercise wheels (cage,
30.3 x 20.6 x 26 cm; wheel, 760 mm circumference; Mini Mitter®, Nalgene® Activity Wheel for Rodents).
Wheel revolutions per hour were counted using the Vital View software package, version 4.0 from Mini
Mitter® (Bend, OR) and converted to average kilometers per night for analysis (Microsoft Excel and SAS)
using t-tests and the ANOVA test with repeated measures.
SED animals were maintained in the breeding room in shoebox cages. All animals were weighed
weekly for two weeks (weeks 8 and 9 of age) and then biweekly until the end of the study.SED animals
were given clean cages and water bottles once every week for the duration of the study, whereas cage and
wheel maintenance for the EX animals evolved over the course of the experiment. For the first three weeks,
all cage bottoms were replaced once a week. As the animals became very stressed and exhibited drastic
decreases in activity levels for several days following the cage change-outs, this one-week interval was
extended to once every four weeks after the third week of the study. To facilitate wheel cleaning, the
animals were divided into two groups based on their location in the room. For the first three weeks, wheels
were removed and cleaned on a staggered schedule such that half of the wheels were cleaned each week.
Due to the time involved and the stress on the animals however, this interval was also extended such that
wheel cleaning occurred on a staggered schedule every two weeks, with every wheel cleaned once per
month. Any animal that had disruption of its physical activity pattern due to technical wheel problems (> 3
days cumulative over the course of the eleven weeks) was eliminated from the study (n=31). The remaining
animals (n=65) were divided into top (high runners, HR; n=10), middle (middle runners, MR; n=10), and
bottom (low runners, LR; n=10) deciles, based on the overall average number of kilometers run per night
for eleven weeks. All animals were given clean water bottles weekly.

47

After thirteen weeks on HFD, all animals were sacrificed (SED, n=111; EX, n=65) and tissues were
collected (hypothalamus, all remaining brain, liver, stomach, duodenum, spleen, gastrocnemius muscle,
retroperitoneal, epididymal, and inguinal white adipose depots, brown adipose tissue, heart) for future RNA
isolation. Tissues were flash frozen in liquid nitrogen and stored at -80° C. Serum isolated from trunk
blood was also collected from each animal and stored at -20° C.
2.2.2 Experiment Two: 3 Days Exercise on HFD
As previously described, three week old male C57Bl/6J mice were weaned onto rodent chow
®

(PicoLab Rodent Diet 20; LabDiet 5053, St Louis, MO), and maintained as weanling groups with no
greater than four animals per shoebox cage until eight weeks of age (figure 2.1). At eight weeks of age,
mice were individually housed (n=93), moved to the exercise wheel room, and switched to a high fat diet
(HFD; Research Diets D12331, New Brunswick, NJ). Following two weeks acclimation, at ten weeks of
age, all animals were given continuous access to exercise wheels for three days. Numbers of wheel
revolutions per hour were counted using the Vital View software package, version 4.0 from Mini Mitter®
(Bend, OR) and converted to average kilometers per night for analysis. They were divided into top (HR)
and bottom (LR) deciles, as previously described and exercise levels were again analyzed using t-tests and
the ANOVA test with repeated measures. After three days of voluntary exercise, all animals were killed by
cervical dislocation and tissues removed as described above, but with one modification. In this study, the
brain was further divided into hypothalamus, cerebellum/brainstem, and remaining frontal cortex. No
animals were required to be eliminated from this study for technical reasons.
2.2.3 Experiment Three: 3 Days Exercise on LFD
Three week old male C57Bl/6J mice (n=79) were weaned onto a low fat diet (LFD; Research Diets
D12329, New Brunswick, NJ) containing 4.07 kcal of metabolizable energy/g of diet [16.4 protein, 10.5%
fat, and 73.1% carbohydrate (primarily composed of sucrose)] (figure 2.1). Mice were maintained as
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described previously, and given continuous access to voluntary exercise wheels for three days, at 10 weeks
of age. Running wheel data was collected and analyzed as previously described. The animals were divided
into top (HR) and bottom (LR) deciles, based on overall average number of kilometers run per night. After
three days of exercise, all animals were killed by cervical dislocation. Brain (divided into hippocampus,
hypothalamus, amygdala, frontal cortex, middle cortex, cerebellum, brainstem), epididymal fat, and
combined gastrocnemius/soleus muscle and serum were collected, processed, and stored, as previously
described.
2.2.4 Experiment Four: 3 Weeks Exercise on HFD or Chow
®

Thirteen male C57Bl/6J mice were weaned onto rodent chow (PicoLab Rodent Diet 20; LabDiet
5053, St Louis, MO) and kept on 12:12 light: dark cycles with ad libitum access to food and water (figure
2.2). At eight weeks of age, all animals were individually housed, seven were randomly chosen and
switched to a high fat diet (HFD; Research Diets D12331), and six were maintained on chow (CH). Two
weeks later, at ten weeks of age, all mice were placed in wheel cages with continuous access to an exercise
wheel (30.3 x 20.6 x 26 cm; Mini Mitter®, Nalgene® Activity Wheel for Rodents) for 21 days. Total
numbers of wheel revolutions run in the dark were collected on an hourly basis using the VitalView®
software package (MiniMitter®, U.S.A.) as previously described. Differences in exercise levels were
statistically characterized using the ANOVA test with repeated measures.
2.2.5 Experiment Five: 3 Weeks Exercise on HFD or LFD
Three groups of male C57Bl/6J mice with similar body weights were weaned onto one of three
diets, a high fat diet (HFD, Research Diets D12331; n=17) with 5.56 kcal/g, a low fat diet (LFD, Research
Diets D12329; n=16) with 4.07 kcal/g, or a chow diet (PicoLab® Rodent Diet 20; LabDiet 5053, n=17),
with 3.08 kcal/g, and individually housed in standard shoebox cages also at this time (figure 2.2). Animals
were kept on 12: 12 light: dark cycles and given ad libitum access to food and water. The animals weaned
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and maintained on chow were used only as control animals for activity levels; no other analyses were
performed on this group. Grams of food intake were measured biweekly, and converted to kilocalories for
analysis, and animals were weighed weekly. Food spillage was subjectively graded from 1-3 [1: a few
pieces large enough to separate from bedding; 2: moderate spillage or pieces too small to separate from
bedding; 3: large amount of spillage] and any animal with spillage greater than grade 1 was removed from
analysis. At ten weeks of age, body composition was determined for each mouse (Minispec® NMR
analyzer, Bruker Optics, U.S.A). Each mouse was subsequently placed in a cage with continuous access to
an exercise wheel for three weeks (30.3 x 20.6 x 26 cm; Mini Mitter®, Nalgene® Activity Wheel for
Rodents). Total numbers of wheel revolutions run in the dark were collected and analyzed as previously
described using Microsoft Excel and SAS. Body composition of each animal was measured a second time
following the three weeks of exercise. Tissues including muscle (separately, gastrocnemius, soleus,
extensor digitorum longus), white adipose (epididymal, inguinal, and retroperitoneal fat pads), and brain
(hypothalamus, hippocampus, amygdala, cerebellum, brainstem, middle cortex, and frontal cortex) were
collected at sacrifice for future gene expression analysis. Serum was also collected and stored. Levels of
food intake, weight gain/loss, changes in body fat, and post mortem tissue weights were statistically
characterized using t-tests and the ANOVA test with repeated measures.
2.3 Results
2.3.1 Experiment One: 11 Weeks Exercise on HFD
Throughout the 11-week experiment, we were able to make many important observations
concerning body weight and adiposity responses to a high fat diet, the propensity to voluntarily exercise,
and certain interactions between these phenotypes, in a large cohort of male C57Bl6/J mice. Thirty-one
animals out of 96 were removed from the study for technical problems that affected wheel performance.
Examples of problems prompting removal included excessive amounts of bedding such that proper wheel
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function was precluded, wheel imbalance, and increased friction on the wheel axis after cleaning. Figure
2.3 illustrates the range in voluntary wheel running distances for the 65 animals remaining at the end of the
study. Seven animals, running 1.24 to 3.54 km/night were classified as LR (bottom decile), and 7 animals
running 7.03 to 8.57 km/night were classified as HR (top decile). The median running distance per night
was determined to be 5.65km, and the mean to be 5.42±0.185km. Although statistical significance was not
met for the following regression analyses, running levels tended to increase over the first four weeks of the
study (regression line y=0.0241x+5.8934, r=0.34, p=0.075) (figure 2.4). They then trended toward a
plateau with a slight decline (regression line y=-0.0204x+6.0612, r=0.35, p=0.099) for approximately the
next 3.5 weeks, and began to decline more steadily over the final 3.5 weeks (regression line y=0.0312x+5.8333, r=0.26, p=0.224). Of particular importance was the abrupt decline in overall activity
levels after each cage or wheel-cleaning event (indicated by white bars in figure 2.4).
Establishment of the exercise level deciles over the 11-week study is illustrated in figure 2.5. To
construct this chart, the 65 EX animals were ranked according to each animal’s overall average number of
kilometers run per night after 11 weeks with access to exercise wheels. HR were colored black, LR were
colored gray, and all remaining animals were colored white. Each day was then sorted by the daily average
number of kilometers run to illustrate the establishment of high and low wheel activity patterns. As
indicated in the figure, from approximately day 2 onward, HR are mostly above the median and LR are
mostly below. Two interesting points to note in this figure are that, similar to figure 2.4, there was marked
disruption of running patterns for several days following each cage and wheel-cleaning event (arrowheads),
and that from day 63 onward, distinct activity trends began to deteriorate.
Variation in weight gain between the SED and EX groups was highly statistically significant by the
end of the experimental period (figures 2.6 and 2.7). At weaning, there was no difference in body weight
between the groups, with SED animals weighing an average 9.3±0.14g and EX weighing 9.7±0.25g.
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Figure 2.3: Intra-strain variability in 11-week voluntary exercise levels in male C57Bl/6J mice (n=65) on
HFD. Expressed as mean kilometers run per night +/- SEM. Each diamond (♦) represents an individual
animal.
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Figure 2.4: Trend in voluntary exercise levels over 11 weeks in male C57Bl/6J mice on HFD (n=65). Each
bar represents the mean number of kilometers run per night +/-SEM for all animals. Regression lines with
corresponding linear equations are indicated for weeks 1 to 4, 4 to 7.5 and 7.5 to 11. Activity levels
increase over the first four weeks, plateau, and then begin to decline. White bars indicate days with cage
and/or wheel cleaning events.
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Nights in Running Wheels (1-75)*
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Bottom10 runners overall *

Middle 45 overall *

a = top 10 runners per night
b = middle runners per night
c = bottom 10 runners per night

*Ranked by overall average per night for 11 week period
Cage or wheel cleaning event

Figure 2.5: Establishment of exercise level deciles over 11 weeks. Exercising animals were ranked
according to overall average number of kilometers run per night after 11 weeks with access to exercise
wheels. The top decile (HR) was colored black, the bottom decile (LR) gray, and all other animals white.
Each day was then sorted by the daily average number of kilometers run to illustrate establishment of the
high and low running patterns. From day 2 onward, HR are mostly above the median, and LR below.
Arrowheads indicate cage and/or wheel cleaning days. Note the disruption of running patterns for several
days following each cleaning event.
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Likewise, when the animals were switched to HFD at 8 weeks of age, body weights were still statistically
the same between groups, with SED animals weighing an average 22.4±0.12g and EX 23.0±0.20g. After
13 weeks on HFD however, SED animals gained an average of 16.4±0.39 (range 7.3 to 31.1g) grams
bodyweight, resulting in an average end weight of 38.8±0.46g (range 28.2 to 53.9g), statistically more than
the EX animals, which gained an average of 7.40±0.34g (range 3.2 to 15g), resulting in an average end
weight of 30.4±0.41g (24.4 to 37.9g) (figure 2.6). The differences between both the end weights and the
total change in weight were highly statistically significant by student’s t-test and least mean squares,
adjusted for wean weight (p<0.001). Figure 2.7 is a graphical representation of the mean start weight, end
weight, and total weight change between the SED and EX groups.
Although EX animals gained significantly less weight than SED, they nonetheless continued to
gain over the 11 weeks of the study, with significant differences between exercise deciles. Figure 2.8
shows a comparison of body weights and total weight change between top (HR), middle (MR), and bottom
(LR) exercise deciles after 11-weeks of voluntary exercise on a HFD. Low-level exercisers gained
significantly more weight and had the largest body weights versus high level or mid-level exercisers (mean
body weight 33.4±0.79g (LR) vs. 29.7±0.86g (HR) or 30.0±0.35g (MR)), by least square means adjusted
for wean weights, p<0.001. By this same method, mean change in overall weight was 10.7±0.79g (LR)
versus 6.5±0.76g (HR) or 6.9±0.30g (MR), also different with statistical significance, p<0.001.
In addition to gaining more weight than HR or MR animals, LR also had the heaviest epididymal (EPI) fat
pad weights (estimate of body fat percentage), as compared to the other groups (figure 2.9), with a highly
statistically significant correlation between EPI weight and total weight change (figure 2.10A). Linear
regression analysis using the least means square method also detected significant correlations between mean
km/night and total weight change (figure 2.10B) as well as between mean km/night and EPI weight (figure
2.10C). Similarly, SED animals that gained the most weight also had the heaviest EPI fat pads (correlation
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Figure 2.6: Individual animal variation in wean weights, start weights, end weights, and total change in
weight for11 week sedentary (SED, n=111) (A) and 11 week exercising (EX, n=65) (B) animals. All
animals were weaned onto rodent chow at 3 weeks of age and switched to HFD at the start of the study (8
weeks of age). End weight values were collected 11 weeks after start of study. Table values expressed as
grams +/- SEM No statistical difference was found between SED and EX groups for wean and start
weights. Differences in end weight (*) and total gain (**) statistically significant between SED and EX, by
student’s t-test, p<0.001.
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Figure 2.7: Comparison of mean start weight, end weight, and total weight change between 11 week
sedentary (SED, n=111) and 11 week exercising animals (EX, n=65). All animals were weaned onto rodent
chow at 3 weeks of age and switched to HFD at the start of the study (8 weeks of age). Animals entered
wheel cages at 10 weeks of age. End weight values were collected 13 weeks after start of study. Error bars
represent SEM *SED > EX by student’s t-test, p<0.001.
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Figure 2.8: Comparison of body weights and total weight change between top (HR), middle (MR) and
bottom (LR) exercise deciles in male C57Bl/6J mice after 11 weeks voluntary exercise on HFD. Animals
choosing to run at the lowest levels gain the most weight and have the largest body weights after 11 weeks
of exercise versus HR and MR, by least mean squares, adjusted for wean weights. *LR > HR and MR,
p<0.001.
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coefficient 0.54, p=0.00017, data not shown). Finally, although LR animals were found to gain the most
weight, and to have the largest EPI fat pads (and thus the highest estimated levels of adiposity), overall we
were unable to detect any significant correlations between distances run and end body weights after 13
weeks on HFD (figure 2.10D).
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Figure 2.9: Mean epididymal fat pad weights from 11-week exercising animals on HFD for 13 weeks.
Animals choosing to exercise at low levels (LR) have significantly larger epididymal fat pads (and thus
higher adiposity) than those choosing to run at high (HR) or intermediate (MR) levels. Data expressed as
mean epididymal fat pad (EPI) weight +/-SEM. *LR > HR or MR, p<0.001.
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Figure 2.10: Scatterplot correlations between (A) EPI fat pad weight and total weight change; and between
activity levels (in mean km/night for 11 weeks on HFD) and (B) body weight at the end of the study, (C)
total weight change, and (D) EPI fat pad weight. R 2 values, correlation coefficients, and p-values generated
by linear regression analysis using the least squares method are listed in the table. (*) indicates statistical
significance. Each diamond (♦) represents one animal (n=65).

60

2.3.2 Experiment Two: 3 Days Exercise on HFD
Based on the individual animal exercise trends as illustrated in figure 2.5, we determined that by day 3, HR
and LR were mostly established as such, and that this time frame would likely be adequate to divide
animals into deciles that could reflect long term running patterns. After three days with access to running
wheels (n=93) and 2 weeks on HFD, 9 animals running 0.46 to 3.09 km/night were classified as LR and 9
animals running 6.17 to 7.29 km/night were classified as HR (figure 2.11, closed diamonds). The median
distance run per night was determined to be 4.72km, and the mean to be 4.67±0.125 km.
2.3.3 Experiment Three: 3 Days Exercise on LFD
Running performance differed slightly when animals were weaned onto a LFD as compared to
weaning onto chow and later switching to HFD. Following three days access to voluntary exercise wheels
after weaning onto LFD (n=79), 8 mice chose to run 0 to 2.03 km/night and were classified as LR, and 8
mice chose to run 5.32-7.13 km/night were classified as HR. The median distance run was 3.54 km, and the
mean 3.65±0.153 km (figure 2.11, open squares). We also used this short study to optimize our exercise
data collection. Numbers of wheel revolutions were compared between light hours and dark hours (figure
2.12). From this data we determined that for most mice, time spent running on the wheel during light hours
was negligible when compared to overall running totals, and that the majority of the running activity was
occurring during dark hours.
2.3.4 Experiment Four: 3 Weeks Exercise on HFD or Chow
In comparing animals maintained on chow from weaning to animals that were switched to HFD at 8
weeks of age, HFD animals were running more average km/night than CH animals after nine days with
access to voluntary exercise (figure 2.13). This trend trend reached statistical significance from day 17
onward (p<0.03) with HFD animals running 5.470.842 overall mean km/night (median 6.04 km/night),
and CH animals running 4.590.638 mean km/night (median 4.49 km/night).
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Figure 2.11: Intra-strain variability in 3-day voluntary exercise levels in male C57Bl/6J mice on HFD (♦,
n=93) and LFD (, n=79). Expressed as mean kilometers run per night. Animals on HFD exhibit higher
mean and median numbers of km/night than animals on LFD. Table indicates exercise ranges of top (HR)
and bottom (LR) deciles on each diet. Diet effect on exercise is statistically significant by student’s t-test,
HFD>LFD for both top and bottom deciles.
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Figure 2.12: Comparison of overall total numbers of wheels revolutions run versus total numbers of
revolutions run during dark and during light hours. Each individual animal represented by three symbols:
(■) overall total number of revolutions run in three days; (◊
) total number of revolutions run during dark
hours; (▲) total number of revolutions run during light hours. Note the different scales of the two vertical
axes. In general, revolutions run during light hours exhibited negligible effect on overall running patterns.
Mouse 11 and mouse 34 ran more during light hours than other mice (spikes in graph), but total running
distances were similar to other animals.
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Figure 2.13: Effect of High Fat Diet (HFD) versus chow on activity levels. Male C57Bl6/J mice weaned
onto chow and half switched to HFD diet at 8 weeks of age. Three weeks of running starting at 10 weeks of
age. Diet effect on activity level significant at day 17; *HFD > chow activity levels statistically significant,
days 17-21 (p<0.03).

64

2.3.5 Experiment Five: 3 Weeks Exercise on HFD or LFD
From the first day in the wheel cages, animals that were weaned onto HFD ran statistically more
km/night than animals weaned onto LFD (figure 2.14), with the diet effect on activity level significant at
every time point (p<0.001). HFD animals ran an average of 6.430.271 km/night, with a median of 6.14
km, whereas LFD animals ran 4.450.214 mean km/night, with a median of 4.59 km. Interestingly, there
was no statistical difference in activity levels between animals maintained on chow (data not shown) and
LFD animals, however chow animals did run less per day on average (mean 3.940.221 km/night; median
4.59 km).
Food intake showed an interesting trend from weaning through 13 weeks of age, including 3 weeks
of exercise. Changes in kcal intake through the active growth phase, after reaching sexual and
musculoskeletal (MS) maturity at 6 and 10 weeks of age, and after exposure to voluntary exercise are
illustrated in figure 2.15A and numerically described by regression analysis in table 2.1. From weaning
(approximately 26 days of age) until six weeks of age (42 days), animals on both diets exhibited a steady
increase in kcal intake, as indicated by the slopes of the regression lines (y=0.9172+9.02 for HFD and
y=0.6766x+7.1889 for LFD), and the associated r- and p-values (HFD r=0.95, p=0.004; LFD r=0.97,
p=0.001), as determined by least means square linear regression. After reaching sexual maturity, kcal
intake showed a trend toward leveling-off, based on regression line slopes (y=-0.0945x+13.377 for HFD
and y=-0.0281x+10.823 for LFD). When given the opportunity to voluntarily exercise, animals on both
diets increased kcal intake (regression line equations y=0.4324x+12.7 for HFD, and y=0.1443x+11.758 for
LFD) however, this increase failed to reach statistical significance. Overall, kilocalorie intake was
significantly higher for animals on HFD than for animals on LFD both before (HFD 12.880.204, LFD
10.720.162; p<0.001) and after exercise (HFD 14.350.263, LFD 12.450.191; p<0.0038), and kcal
intake was significantly increased with access to exercise for both diets (p<0.001) (figure 2.15B).
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Table 2.1: Regression line equation, correlation coefficient, and p-value for voluntary exercise level versus
kilocalorie intake for each growth phase and diet. The data are taken from experiment 5, consisting of 3
weeks exercise on HFD vs. LFD.
Growth

MS maturity

In wheels

HFD HFD

y = 0.9172x+9.02
r=0.95, p=0.004

y = -0.0945x+13.377
r=0.31, p=0.537

y = 0.4324x+12.7
r=0.70, p=0.076

LFD LFD

y = 0.6766x+7.1889
r=0.97, p=0.001

y = -0.0281x+10.823
r=0.12, p=0.813

y = 0.1443x+11.758
r=0.39, p=0.516

Body weights showed a steady increase from weaning through MS maturity for both diets, with
HFD animals significantly heavier than LFD animals at all time points after weaning. Diet effect, age
effect, and interaction effect were all significant at every time point after week 3 (p<0.001) (figure 2.16).
Animals on HFD showed no change in body weight after three weeks voluntary exercise (25.10.45g
before; 25.50.62g after), whereas animals on LFD significantly increased in weight from 20.00.48g
before exercise to 22.00.50g after exercise (p<0.001) (figure 2.17). Figure 2.17B illustrates the
differences in weight gain between age-matched exercising and sedentary animals, all weaned onto HFD.
Exercising animals were able to maintain body weights when given access to wheels for 3 weeks, whereas
sedentary controls showed significant weight gain for each week (p<0.005) versus the exercising animals.
Body fat percentages were measured using NMR, both prior to and after three weeks access to voluntary
wheels for animals on both diets. Within both diet groups, the pre-wheel levels were statistically higher
than the post wheel levels (figure 2.18). Before exercise access, HFD animals exhibited a mean body fat
percentage of 11.090.690%, with a mean of 9.241.051% after (p<0.0002). LFD animals had a mean of
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Figure 2.14: Effect of weaning onto HFD and LFD on activity levels. Male C57Bl6/J mice weaned onto
LFD or HFD. Three weeks of running starting at 10 weeks of age. Diet effect on activity level significant
at all time points, p<0.001.
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Figure 2.15: Voluntary exercise and kilocalorie intake. (A) Mean kcal intake from weaning through 84
days (12 weeks) of age. Diet and exercise effects significant at all time points except day 64 (p<0.001).
(B) Exercise had a significant effect on kcal intake for both diets; kcal intake increased with voluntary
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Figure 2.16: Body Weight from weaning through 12 weeks of age. Progressive weekly change in body
weight for all animals on each diet. Diet effect, week effect and interaction effect each significant at all
time points after week 3, p<0.001.
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Figure 2.17: Effect of exercise on change in body weight. (A) Body Weight Change Before and After
Exercise on HFD and LFD. No significant difference in HFD group with respect to exercise. Animals on
LFD continued to gain weight while exercising; HFD animals were significantly heavier than LFD animals
at all time points. *p<0.001. (B) Difference in weight gain between age-matched Exercising and Sedentary
Animals on HFD. When given access to exercise, animals on HFD are able to maintain their body weights.
Sedentary controls show significant weight gain. All animals on HFD from weaning. *SED > EX,
p<0.005.

70

Experiment 5:
3 Weeks Exercise on HFD vs. LFD
14

*
**

% BODY FAT

12
10
8
6
4
2
0

Pre-wheel

Pre-wheel Post-wheel

HIGHFAT DIET

Post-wheel

LOWFAT DIET

Figure 2.18: Effect of exercise on body fat percentage. Significant decrease after exercise within each
group; *p<0.0002; **p<0.0001. There was no difference in fat percentage between diets pre- or postexercise (p >0.05).
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10.300.343% before and 7.800.291% after (p<0.0001). Interestingly, no statistically significant
differences were found in body fat percentages between the diet groups either before or after access to
voluntary exercise. Post mortem weights of epididymal (EPI) fat pads and gastrocnemius+soleus muscles
(GAST) did differ significantly between diet groups after exercise, with HFD animals generating both
bigger fat pad weights and heavier muscle samples (figure 2.19). HFD EPI fat pads weighed a mean of
34558.6mg versus 1485.6mg for LFD EPI fat pads (p<0.05). HFD GAST weighed 20111.1mg versus
131 3.7mg for LFD. When EPI fat pad weights were corrected for individual body weights, however, the
statistical significance was lost, and similar to the NMR results, no difference was detected for postexercise body fat estimations between HFD and LFD animals (figure 2.20).
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Figure 2.19: Post mortem epididymal fat pad and muscle (gastrocnemius+soleus) weights from male
C57Bl/6J mice on either HFD or LFD after access to voluntary exercise for 3 weeks. Significant diet
effects on both tissue depots after 3 weeks exercise; *p<0.05.
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Figure 2.20: Post mortem epididymal fat pad weights corrected for body weights for C57Bl/6J animals on
either HFD or LFD after access to voluntary exercise for three weeks. No statistical difference is noted
between the groups, as indicated by 1-tailed and 2-tailed p-values.
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2.4 Discussion
2.4.1 Eleven Week Studies
Using data collected throughout these 11 week exercise animal studies, we were able to
investigate many interesting trends relating diet and voluntary exercise in the male C57Bl/6J mouse. As
previously discussed, based on the well described cyclic effects of estrogen on voluntary exercise in rodents
(Mather 1981; Axelson and Sawin 1987; Sherwin 1998; Thorburn and Proietto 2000; Cotman and
Berchtold 2002), we chose to use only male animals in our studies. As such, it is unknown whether the
following phenotypic traits would apply to female animals as well. At the conclusion of 13 weeks on HFD
with 11 weeks access to voluntary exercise, male C57Bl/6J mice exhibited a 2- to 7-fold difference in mean
kilometers run per night between high-level and low-level exercising animals (1.24-8.57 km/night). In
addition, we found a 4- to 5-fold difference between high and low levels of weight gain (3.2g-15g) in
exercising animals, resulting in a 1.5 to 2- fold difference in ending body weights (24.3g-37.9g). Although
the magnitude of these changes were similar to those observed in SED animals (gain 7.0g-31.1g; ending
body weight 28.2g-53.9g), overall the weight gain was significantly lower in exercising animals. Because
individual variation in weight gain persisted with access to voluntary exercise, and because exercising
animals on a high fat diet gained significantly less weight than their sedentary counterparts, we conclude
that voluntary physical activity was protective against dietary induced obesity in susceptible individuals.
Based on extensive correlational studies performed by Zuberi et al. (unpublished) and others,
epididymal fat pad weights have been established to correlate with body fat percentages as measured by
magnetic resonance, and are considered adequate to estimate levels of overall adiposity in mice (BaracNieto and Gupta 1996). Using this method, our data confirmed that low-level exercisers had larger
epididymal fat pads (EPI), and thus higher body fat percentages, than high-level exercisers, and that
exercise levels were significantly correlated with overall weight change and with EPI fat pad weight. EPI
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fat pad weight also strongly correlated with the change in body weight, with animals gaining the most
weight possessing the heaviest EPI fat pads (highest estimates of adiposity) regardless of whether they had
access to exercise wheels. Although the data were not shown, SED animals that gained the most weight also
had the heaviest EPI fat pads. Interestingly, overall activity levels were not found to correlate to body
weights after 13 weeks on HFD. We speculate that this lack of statistical correlation was most likely related
to the substantial degree of individual variation both in weight gain on HFD and in voluntary exercise
levels, which created large variance levels and obscured any statistical significance.
Another goal of the 11-week experiment was to establish how quickly animals would reach either
high runner or low runner status. We determined that after three days with access to exercise wheels,
greater than 95% of HR (as determined by overall average kilometers run per night at the end of 11 weeks)
would rank above the daily median number of kilometers, and that more than 60% of these HR always
ranked in the top decile for each day. This observation was invaluable in designing our future short-term
experiments for gene and protein expression analysis, as our goal was to design the shortest study possible,
still allowing animals to segregate into either “high-level” or “low-level” exercise groups, in hopes of
finding genes responsible for the motivation to exercise as opposed to those expressed secondary to the
exercise.
We also observed that our male C57Bl/6J mice tended to increase their voluntary activity levels over
three to four weeks, after which time the activity seemed to plateau and gradually decline, although
statistical significance was not achieved. We subsequently used the three-week time point (experiments
four and five) to maximize running performance and augment the effects of physical activity on other
behaviors and physiological traits. We speculate that the failure of the trend to reach statistical significance
was most likely due to the multiple incidences of activity disruption (figure 2.4), as this wheel running
behavioral trait has been well-described throughout the literature (Sherwin 1998; Swallow, Carter et al.
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1998; Koteja, Garland Jr. et al. 1999) (Harri, Lindblom et al. 1999). We further hypothesize that the decline
in voluntary exercise levels and concurrent deterioration of clear-cut high and low classifications of runners
was likely related to the age of the animals by this time in the experiment. Koteja et al. demonstrated
similar findings in mice artificially selected for high levels of voluntary running, namely that by the time
male mice were 65 days of age, wheel-running levels began to decline (Koteja, Garland Jr. et al. 1999).
Harri et al. likewise reported that when given access to a wheel, C57Bl/6J mice will gradually increase
running during the first 4 weeks, then plateau and eventually decline (Harri, Lindblom et al. 1999), and
Sherwin has suggested that age-related decreases in wheel running are more rapid than in other forms of
activity (Sherwin 1998). By day 56 in the wheel cages (figure 2.4), our mice were upwards of 18 weeks of
age. The Jackson Laboratory website lists several age-related pathologies in the C57Bl/6J that could also
have contributed to a decrease in voluntary exercise levels, including hearing loss (as early as 13 weeks of
age) (The Jackson Laboratory 2005), formation of large aortic atherosclerotic plaques (after feeding
atherogenic diet containing 1.25% cholesterol, 0.5% cholic acid and 15% fat for 14 weeks) (The Jackson
Laboratory 2005), arthritis (The Jackson Laboratory 1988), and development of corneal opacities and
cataracts (Smith and Sundburg 1995).
We chose to wait until 10 weeks of age to allow our animals access to exercise wheels, as this is the
age at which mice reach musculoskeletal maturity, and we postulated that our animals would achieve
maximal performance if they were exposed to running wheels at this age. Lapvetelainen et al. (2002) have
recently generated a comprehensive dataset to support this speculation. In a study to investigate the effects
of voluntary running on the incidence and severity of osteoarthritis and associated changes in cartilage
matrix and subchondral bone, they gave C57BlxDBA control mice, along with Del1 transgenics, access to
exercise wheels at 5-6 weeks of age, considerably earlier than our 10 week age requirement. They noted
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th

that voluntary running was most active between the 2 and 4 months of age, and that running speeds
rd

reached a peak during the 3 month, the time that would correspond to approximately weeks 8 to 10 of age
(Lapvetelainen, Hyttinen et al. 2002).
In keeping with the established circadian rhythm in the C57Bl/6J, analysis of our exercise data
revealed that close to 100% of daily wheel running was performed during dark hours and that daylight
wheel running levels were at least an order of magnitude lower for most animals. The significance of this
finding was that we were able to manipulate the animals and perform minimally stressful procedures,
including NMR for body composition, as well as perform necessary husbandry practices without causing
artificial disruptions in activity levels. In addition, by monitoring changes in overall voluntary physical
activity levels as well as individual animal exercise patterns following disturbances associated with cage
and wheel cleaning or animal weighing, we were able to fine-tune certain aspects of our animal husbandry
practices. We established that it was necessary to adopt the longest interval possible between cleaning
disturbances (4 weeks), and that after the wheels were cleaned, the axels required diligent lubrication with
an odor-free silicon-based lubricant to keep friction levels constant. Furthermore, we determined that if too
much bedding material was placed in cage bottoms, it would interfere with wheel revolution. We also
changed our animal weighing intervals from twice weekly to weekly in order to disturb the mice as little as
possible.
As the ultimate goal in designing this animal model was to examine different gene and protein
expression profiles in high- versus low-level voluntary runners, an important aspect of these phenotypic
studies was to optimize exercise performance without introducing additional experimental variables that
could potentially affect gene expression. In our initial studies, mice were weaned onto a low fat, very high
fiber rodent chow and then switched to a purified, very low fiber high fat diet at 8 weeks of age. Detailed
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investigation of ingredients in the chow diet revealed several containing high levels of phytoestrogens and
xenobiotics, compounds known to affect certain behavioral traits, including wheel running (Thigpen,
Setchell et al. 1999; Hoffman-Goetz and Duerrstein 2004). In addition, chow diet is also known to vary
slightly between manufacturer’s lots (Lichtman, Clinton et al. 1999). Based on these facts, along with the
tendency of the C57Bl/6J to gain weight and undergo metabolic and endocrine changes on HFD (Surwit,
Wang et al. 1998; Lin, Thomas et al. 2000; Kozak and Rossmeisl 2002; Rossmeisl, Rim et al. 2003), and
the extreme differences in composition between the chow and high fat diets, we felt it necessary to examine
our diet choice both to optimize exercise performance as well as to decrease any possibility that diet might
confound our future gene expression analyses. We addressed thid question using two three day
experiments.
2.4.2 Three Day Studies
Analysis of differences in activity levels between our two 3-day experiments revealed an
unexpected difference in the running levels of animals weaned directly onto LFD, as compared to those that
were weaned onto chow and subsequently switched to HFD. This relationship is illustrated in figure 2.11,
which also indicates the statistical significance between mean activity levels for each study. From these
two experiments we were able to confirm that after three days of exercise, animals would still exhibit
sufficient intrastrain variation so as to segregate them based on activity levels. We also validated that this
variation would persist regardless of whether the animals were eating high fat or low fat diets. These two
observations were important because we were able to conclude that the three-day exercise time point would
be sufficient to generate “extreme” exercise phenotypes in a relatively short experimental timeframe, a
condition we desired for our future gene expression studies. Furthermore, we were also able to formulate
conclusions about our diet choices. Given that animals on chow could exhibit nutrient-derived, difficultto-interpret phenotypic differences between experiments, and that the C57Bl/6J is known to undergo
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phenotypic changes associated with dietary induced obesity when on HFD, we inferred that the purified
LFD counterpart to our HFD would likely be a better, more consistent diet choice that would still generate
variation in exercise levels for our gene expression animal model. In addition, we felt we would be better
able to compare dietary effects on exercise using diets of a purified nature.
2.4.3 Three Week Studies
Based on the unexpected observation that animals on HFD were running statistically longer
distances than animals on LFD (figure 2.11), we were led to question whether dietary fat content could be
responsible for the difference in the phenotypes. To address this query, we designed two additional pilot
experiments to compare voluntary activity levels on diets with differing fat contents.
Experiment four was devised as a pilot to examine more closely the effect that HFD might have on
exercise levels. All of the animals in the pilot were weaned onto chow and then half were switched to the
purified HFD at 8 weeks of age. The animals on HFD in this study did reach statistically higher exercise
levels than the ones on chow, but the trend took 17 days to reach significance. To refine the experimental
conditions, and to potentially accentuate the effects of diet on exercise levels, in experiment five, animals
were weaned onto each of three different diets, including the purified HFD, the purified LFD, and chow.
Only data from animals on the HFD and the LFD were used in the ensuing phenotypic comparisons, while
the animals maintained on chow were kept as a control for activity levels, to confirm that we were able
replicate the pilot experiment.
Several interesting phenotypes became apparent through our investigation of the effects that
weaning onto high fat or low fat diets could have on voluntary activity levels. Activity levels in this
experiment recapitulated the pilot study, however animals weaned onto HFD ran statistically higher
numbers of km/night than animals weaned onto LFD from the very first day of data acquisition in the
exercise wheels. Furthermore, mean and median activity levels for these HFD animals exceeded those in
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the preceding experiments, while the chow control mean (3.940.22 km/night) and median (4.59 km/night)
were similar to the pilot study (pilot, mean 4.590.64, median 4.49 km/night). We speculate this difference
in HFD activity levels between experiments to be due the “chow interval” from weaning until 8 weeks of
age, in the earlier studies.
By monitoring kilocalorie intake levels, we were able to track food consumption across the life span
of our mice from weaning until after they had been allowed to exercise for three weeks. Figure 2.15A
illustrates this data and demonstrates an interesting trend in consumption for both diets. Kilocalorie intake
significantly increased from weaning until approximately 6 weeks of age for both the high fat (regression
line slope 0.9172, r=0.95, p=0.004) and the low fat diets (regression line slope 0.6766, r=0.97, p=0.001).
After 6 weeks of age, and until the animals were placed in the exercise wheels at 10 weeks, food intake had
a tendency to level off for both diets. This observation is in keeping with results published by Winzell and
Ahren, demonstrating that food intake levels in female C57Bl/6J mice on both high fat and low fat diets
would plateau for 6 to 8 weeks post weaning and then linearly decline over time as the animals aged to one
year, with the differences between the two groups remaining stable (Winzell and Ahren 2004).
With access to exercise, both our HFD and LFD animals significantly increased kilocalorie
consumption, with the HFD animals exhibiting a mean increase of 1.47 kcal/day and the LFD exhibiting a
mean increase of 1.73 kcal/day. We suggest that this increase was part of a compensatory response to
excess kilocalorie expenditure associated with voluntary wheel running, and an attempt to maintain a
constant body weight. Scheurink et al. report similar findings from a study in which they measured food
intake in exercising versus sedentary female rats and saw up to a 130% increase in intake over 4 weeks of
exercise, with no change in body weight within each group (Scheurink, Ammar et al. 1999). Moreover,
despite maintaining their body weights while increasing kcal consumption, our HFD animals
simultaneously decreased their body fat percentages. This finding is significantly different from age-
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matched sedentary controls on HFD that continued to increase their body weights and adiposity levels, as
based on EPI fat pad weights, over the same period of time (figure 2.17). In addition, although the LFD
animals exhibited an increase in body weight after three weeks of exercise, they also had decreased amounts
of body fat by NMR, indicating that this weight gain must be due to muscle hypertrophy secondary to
running. Interestingly, despite the fact that HFD animals consumed more kcal at every time point in the
study, no differences were found in body fat levels between the diet groups, either pre-exercise, or after
three weeks with access to exercise wheels. In keeping with our hypothesis, the higher activity levels HFD
animals must have been the underlying explanation. Finally, post-mortem tissue weights of two hindleg
muscles known to be recruited during wheel running (combined gastrocnemius and soleus) and epididymal
fat pads were larger in HFD animals as compared to LFD animals. In combination with the lack of
difference in body fat percentage between diet groups, we interpret this data to mean the animals weaned
onto HFD must have been bigger animals overall.
These experiments revealed many important phenotypic traits associated with voluntary wheel
running and dietary fat in the male C57Bl/6J mouse. Important to developing our animal model for gene
expression profiling, we determined that voluntary running patterns become most active between the second
and third months of age, that animals segregate into either HR or LR status after as little as 3 days in
wheels, and that C57Bl/6J mice will increase voluntary EX levels over 3 to 4 weeks after which time levels
plateau and begin to gradually decline. With respect to the effects of dietary fat on voluntary exercise
levels, we observed that the SED animals gaining the most weight had the heaviest EPI fat pads, and that
low level exercisers had larger EPI fat pads and thus higher body fat percentages, than high level exercisers.
We also determined that animals on HFD run 20-30% more than those on LFD or standard chow, that all
animals will increase kcal consumption with exposure to voluntary EX wheels, and that animals on both
HFD and LFD will decrease body fat percentages while simultaneously increasing kcal consumption. From
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this data we conclude that male C57Bl/6 mice on a HFD are increasing voluntary exercise levels, possibly
as a mechanism to maintain constant energy balance and prevent dietary-induced obesity. Additional
studies are needed to further characterize this phenotype and to aid in elucidating the responsible
mechanisms and gene expression profiles.
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CHAPTER 3
VOLUNTARY EXERCISE AND GENE EXPRESSION IN THE MALE C57BL/6J MOUSE;
EFFECTS OF VOLUNTARY EXERCISE ON ENDOPLASMIC RETICULUM CHAPERONE
GENE EXPRESSION
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3.1 Introduction
The benefits of regular exercise are multisystemic, affecting hemodynamic, respiratory, hormonal,
metabolic, and neurological processes within the body. Through specific adaptive responses, both centrally
and throughout the periphery, physical activity helps to improve tolerance for the potentially damaging
effects of stress exposure. Regular exercise induces increases in cardiovascular functional capacity
(Fletcher, Dunbar et al. 1994; Kilgore, Musch et al. 1998; Koch, Britton et al. 1999; Powers, Lennon et al.
2002), and it aids in the control of dyslipidemias, diabetes, and obesity (Dunnington, White et al. 1977;
Hamborg 1982; King and Tribble 1991; Miller, Balady et al. 1997; Noakes and Clifton 2000; Schrauwen
and Westerterp 2000; Speakman and Selman 2003). Furthermore, it lowers blood pressure while
simultaneously decreasing myocardial oxygen demand (Fletcher, Balady et al. 1996); it increases bone
density (Hoshi, Watanabe et al. 1998; Hoshi, Watanabe et al. 1998); and recently, it has been shown to
promote neural plasticity, enhance long term memory potentiation, and aid in the alleviation of depression
and anxiety (Adlard and Cotman 2004; Garza, Ha et al. 2004). In this final context, exercise may prove to
act as a protective mechanism against many neurodegenerative diseases, including Alzheimers’s,
Parkinson’s, and Huntington’s Diseases (Das 2000; Huynh, Figueroa et al. 2000; Mattson 2000; Mabandla,
Kellaway et al. 2004). Human research has demonstrated that any type of exercise, forced or voluntary, can
induce any and all of the aforementioned benefits to the health of the body.
Determining the molecular basis for the benefits of exercise to human health must initially come
from studies using experimental animals. Animal research, however, has raised questions about the validity
of using forced, versus voluntary, exercise paradigms (Zachwieja, Hendry et al. 1997; Narath, Skalicky et
al. 2001). As mentioned previously, several groups have reported that forced treadmill running produces
many negative physiological adaptations in rats, including neuroendocrine and immune responses
commonly associated with chronic stress (Moraska, Deak et al. 2000), along with more positive
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physiological adaptations such as decreased body weight gain and increased muscle citrate synthase
activity. In addition, voluntary wheel running has been shown to be more effective at enhancing survival
and maintaining lower body fat levels in aging rats than either forced treadmill running or restrictive
feeding (Narath, Skalicky et al. 2001). For decades, running wheel data has remained the preferred method
with which to estimate voluntary exercise performance (Sherwin 1998). Several animal models have been
created that have proven voluntary exercise to be a strongly heritable trait with reproducible inter- and intrastrain intensity differences in laboratory rodents (Swallow, Carter et al. 1998; Swallow, Garland et al. 1998;
Koteja, Garland Jr. et al. 1999). Recently, the C57Bl/6J strain has been shown to perform well in a
voluntary exercise paradigm, but to be a rather poorly performing strain when forced to run on a treadmill
(Lerman, Harrison et al. 2002).
Based on the above considerations, we initiated an investigation using a wheel-running model to
study the effects of voluntary exercise on gene and protein expression changes in the central nervous system
(CNS) of variable exercise performers in male C57Bl/6J mice. As previously described, only male animals
were used throughout our studies to avoid any influences from reproductive hormones and the estrus cycle
on activity levels, two internal factors known to affect wheel running in females (Mather 1981; Sherwin
1998). We chose to examine the hippocampus because it is an area of the brain documented to undergo
functional neurogenesis in response to aerobic exercise, even in the adult (Oladehin and Waters 2001; Shen,
Tong et al. 2001; Tong, Shen et al. 2001; Molteni, Ying et al. 2002; van Praag, Schinder et al. 2002; Lee,
Jang et al. 2003). A major objective of this approach was to eventually establish a means with which to
differentiate between Mendelian and environmental influences. Our lab has repeatedly shown that the
C57Bl/6J strain exhibits a large degree of individual variation in voluntary exercise levels, with high-level
exercisers running up to 7 to 10-fold more than low-level exercisers over a given experimental duration
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(3 days or 3 weeks; L.D. McLaughlin, unpublished observations). As individual animals within a strain are
virtually genetically identical, inbred rodent strains are becoming popular models with which to study
epigenetics (Wolff, Kodell et al. 1998; Gould and Manji 2004), or heritable changes in gene expression that
occur without changes in DNA sequence. We hypothesized that specific environmentally sensitive genes
may be responsible for differences in the observed exercise phenotypes, and speculated that epigenetic
mechanisms may be affecting the gene expression patterns. We designed this study to identify unique gene
and protein expression profiles among mice with different levels of wheel running activity in a voluntary
exercise paradigm.
3.2 Materials and Methods
3.2.1 Animal Experiments
As noted previously, all procedures used throughout these studies were reviewed and approved by
the Pennington Biomedical Research Center Institutional Animal Care and Use Committee. Breeding pairs
of C57Bl6/J mice were obtained from the Jackson Laboratory, and all experimental mice were bred at the
Pennington Biomedical Research Center, Baton Rouge, Louisiana. Male C57Bl/6J mice were weaned onto
a low fat diet (LFD; Research Diets D12329, 11% kcal fat) and given continuous access to exercise wheels
(cage, 30.3 x 20.6 x 26 cm; wheel, 760 mm circumference; Mini Mitter®, Nalgene® Activity Wheel for
Rodents) at ten weeks of age, for either three days (n=80) or three weeks (n=65) (figure 3.1). Eight mice in
each study had their wheels locked to act as sedentary controls (SED). After either three days or three
weeks of access to voluntary exercise, animals were sacrificed and tissues (hippocampus, hypothalamus and
gastrocnemius) were collected. All tissues were flash frozen in liquid nitrogen and stored at –80° C until
processed. Activity data was converted to average kilometers per night for analysis. Animals were
considered to be high runners (HR) if they ran > 5 km/night and low runners (LR) if they ran ≤2 km/night
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Figure 3.1: Timeline representations of animal experimental design for 3 day and 3 week experiments.
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(three day study) or > 7.5 km/night (HR) and ≤3.5 km/night (LR) (three week study). Middle runners
(MR) were chosen randomly from the population of animals falling between the high and low groups, for
the three-day experiment only.
To determine whether potential changes in transcript expression were causal to or resultant from
high levels of voluntary exercise, the second highest-running decile of animals (n=8) with activity levels
ranging from 4.71-5.29 km/night, had their wheels locked following the three-day exercise period and were
forced to become sedentary for one week. Eight additional sedentary controls were maintained for this
group. After one week of forced sedentary behavior, these animals were sacrificed and tissues collected, in
a manner identical to that described above.
Two additional three-day experiments were performed, each with exercising animals (n=96) and
sedentary control animals (n=10), to collect tissues for protein expression analysis. In one experiment, half
of the animals were weaned onto LFD and half onto a high fat diet (HFD; Research Diets D12331, 58%
kcal fat). In the other study, all animals were weaned onto LFD. Only animals weaned onto LFD were
used to examine protein expression levels. Wheel running activity of HR animals ranged from 5.05-10.90
km/night, while the LR animals ranged from 1.37-2.40 km/night, across both experiments. The hippocampi
from these animals were divided in half at the time of tissue collection, flash frozen in liquid nitrogen, and
stored at –80° C until they were processed. One half of each hippocampus was used to extract total protein
and the other half to isolate RNA.
3.2.2 RNA Isolation and Purification
Total RNA from the hippocampus of each animal was isolated using TRI REAGENT® (Molecular
Research Center, Inc, Cincinnati, OH), with slight modifications to the manufacturer’s protocol. Briefly,
the entire hippocampus from each individual animal was homogenized using a Teflon pestle in 0.5 mL TRI
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REAGENT , and subsequently stored for 10 minutes at room temperature. An additional 0.5 mL of TRI
®

REAGENT was added, bringing the total volume to 1 mL, the homogenate supplemented with 0.1 mL of
1-bromo-3-chloropropane (BCP), and then vortexed for 15 seconds. Following centrifugation (15 min,
20800x g, 4
C), the upper, RNA-rich aqueous phase was transferred to a new tube, 500 L cold (-20
C)
isopropanol was added, and the mixture allowed to precipitate overnight. The next day, samples were
centrifuged (45 min, 20800x g, 4
C), the supernatent discarded, and the RNA pellet washed with 1 mL 75%
ethanol. Any remaining traces of ethanol were removed by centrifugation and air-drying the pellet at room
temperature. Once dry, the pellet was resuspended in 50 L RNAse-free water. The RNA was then purified
using the RNeasy® Mini Kit (Qiagen, Valencia, CA). RNA quality was visually assessed using agarose gel
electrophoresis and quantified by UV spectrophotometric analysis (A 260 and A 280 nm). All RNA had
A260/A280 ratios greater than 1.75 and less than 2.10.
3.2.3 Oligonucleotide Microarrays
The high density microarrays used in this study were generated by the Genomics Core Microarray
Facility at the Pennington Biomedical Research Center using a Gene Machines OmniGrid Microarrayer
(San Carlos, CA) to spot 70-mer oligonucleotides (mouse library versions 1.0 and 2.0, Operon
Biotechnologies, Inc., Huntsville, AL) onto poly-lysine-coated glass microscope slides. The mouse
libraries used for printing slides represent over 19,000 well-characterized genes; information concerning
gene specifics can be located on the Operon website (http://omad.operon.com/mouse/index.php and
http://omad.operon.com/mouse2/index.php).
Equal amounts (6 g) of total RNA from each of the top (n=6; HR), bottom (n=6; LR), randomly
chosen middle (n=6; MR) deciles, and sedentary mice (n=6; SED) were combined to generate 4 separate
pools, one per experimental group [see Teran, et al. (Teran-Garcia, Rankinen et al. 2005) for details on
pooling RNA]. Pooled total RNA was primed with oligo(dT) for reverse transcription, labeled with Cy3 and
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Cy5 dyes using the Micromax TSA Labeling and Detection Kit protocol (Perkin Elmer Life Sciences,
Inc., Boston, MA) and hybridized to in-house spotted slides. The TSA labeling method uses a tyramide
signal amplification process, and is highly sensitive, allowing for the use of very small amounts (as little as
2 μg) of total RNA with consistent and reproducible signal amplification across arrays (Karsten, Van
Deerlin et al. 2002). Six microarrays were hybridized (3 forward-labeled, 3 reverse-labeled, to account for
differential dye incorporation) per comparison: HR versus SED, MR versus SED, and HR versus LR. All
microarray comparisons were performed using RNA from mice that were weaned onto LFD and allowed to
exercise for three days. Details pertaining to the microarray experiments have been deposited in NCBI’s
Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO
Series accession number GSE2654 with the following Sample ID numbers: HR versus SED (GSM50840,
GSM50841, GSM50842, GSM 50843, GSM 50844, GSM 50845); MR versus SED (GSM 50884,
GSM50885, GSM50886, GSM50887, GSM50888, GSM50889); and HR versus LR (GSM50890,
GSM50891, GSM50892, GSM50894, GSM50895).
Slides were scanned using a GSI Lumonics ScanArray 5000 laser scanner (Perkin Elmer Life
Sciences, Inc., Boston, MA) at a relatively low and a relatively high laser intensity and expression data were
analyzed using the QuantArray V3.0 software package (Perkin Elmer Life Sciences, Inc., Boston, MA).
The data were then normalized using a subarray-by-subarray LOWESS (Locally Weighted Regression and
Scatterplot Smoothing) statistical algorithm developed in house at the Pennington Biomedical Research
Center. The LOWESS algorithm allowed us to normalize signal intensities between Cy3 and Cy5 while
simultaneously accounting for dye variation between slides, as well as for signal intensity effects [details
previously described (Teran-Garcia, Rankinen et al. 2005)]. Within this algorithm, log base 2 gene
expression ratios were calculated, and statistical significance determined using a student’s t-test on the log2
expression ratios. Using this system, significant p-values reflect the probability that a specific gene is up-
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or down-regulated and thus assess the quality of the technical replicates. In order to simplify clustering and
further analysis, the anti-log of the expression ratios were calculated following the student’s t-test. Table 3.1
indicates the validity of this normalization procedure by illustrating similarities between expression ratios
obtained using our normalization algorithm and the mean ratios obtained from quantitative real time PCR
performed on (the same) individual animals for six genes of interest in this paper. Expression profiling was
conducted using GenMAPP (Gene Map Annotator and Pathway Profiler), a freeware computer application
designed “to visualize gene expression data on maps representing biological pathways and groupings of
genes” (http://www.genmapp.org/default.asp) (Dahlquist, Salomonis et al. 2002; Conklin 2003; Doniger,
Salomonis et al. 2003).
3.2.4 Quantitative Real-Time PCR
Purified total RNA (1 μg) from each individual hippocampus, hypothalamus, or gastrocnemius muscle was
primed using oligo(dT) and reverse transcribed using the SuperScript First-Strand Synthesis System for
RT-PCR (Invitrogen Life Technologies, Carlsbad, CA). Transcript expression levels of glucose regulated
protein 78 (GRP78/BiP), stromal cell-derived factor 2 like 1 (SDF2l-1), glucose regulated protein 58
(GRP58), x-box binding protein-1 (XBP-1), heat shock protein 70-1 (HSP70-1), heat shock protein 70-3
(HSP70-3), and brain derived neutrtrophic factor (BDNF) mRNAs were quantified in individual 3-day
animal hippocampus by SYBR Green I real-time quantitative RT-PCR using an ABI Prism 7900 Sequence
Detection System (Applied Biosystems, CA). Transcipt expression levels of GRP78/BiP, GRP58, SDF2l-1,
HSP70-1, and HSP70-3 were also quantified in skeletal muscle (gastrocnemius) from these same animals.
Expression levels of GRP78/BiP, SDF2l-1, and GRP58 were evaluated in the hypothalamus from 3-week
exercising animals. Each gene of interest was normalized to cyclophilin B (PPIB), an endogenous control
determined to exhibit stable expression across the experimental parameters at hand (data not shown). Data
are reported as arbitrary units (A.U.). Depending on the number of groups being compared, quantitative-

94

Table 3.1: Comparison between microarray ratios and the mean ratios obtained with qRT-PCR
performed on individual animals.
Variation of Gene Expression with Exercise Levels
Ratios

Gene

Analytical
Method

HR/LR

HR/SED

MR/SED

GRP78

Array

0.512

0.435

0.704

qRT-PCR

0.452

0.280

0.582

Array

0.698

0.619

0.604

qRT-PCR

0.522

0.412

0.558

Array

0.689

0.824

qRT-PCR

0.748

0.902

SDF2l-1

GRP58

XBP-1

HSP70-1

HSP70-3

Array

0.808

0.535

0.641

qRT-PCR

0.592

0.445

0.616

Array

0.698

0.390

0.612

qRT-PCR

0.558

0.459

0.498

Array

0.771

0.407

0.543

qRT-PCR

0.643

0.557

0.550

HR (high runners; n=6); LR (low runners; n=6); SED (sedentary controls; n=6)
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PCR results were analyzed by either one-way ANOVA or one-tailed student’s t-test, performed on
normalized expression ratios for each group, since we hypothesized that the differences between the groups
would follow the same pattern revealed by the microarray analysis.
Forward and reverse qRT-PCR primers (Invitrogen Life Technologies, Carlsbad, CA) were
designed using the Primer Express software (Applied Biosystems, CA) to span both the exon-exon splice
sites and the region of the gene sequence corresponding to the location of the 70-mer oligonucleotide on the
microarray. Due to software limitations within Primer Express and the composition of the DNA sequence,
the primer pair designed for g-protein coupled receptor 88 (GPR88) did not correspond to the microarray
sequence location. For the same reasons, we were unable to design an acceptable primer pair for the gene,
tumor rejection antigen-1 (TRA1, a.k.a GRP94). Primer sequences were as follows.
GRP78/BiP: Forward, 5’-CTG GAC TGA ATG TCA TGA GGA TCA-3’, Reverse, 5’- CTC TTA
TCC AGG CCA TAT GCA ATA G -3’; SFD2l-1: Forward, 5’- ACC TGC ACA CGC ACC ACT T -3’,
Reverse, 5’- CAA AAG CAC TCA CCT CCT GGT T -3’; GRP58: Forward, 5’- GGA GAA AAA CTC
AGC AAA GAT CCA -3’, Reverse, 5’- TGG AGA AGG CAC ATC ATT GG -3’; XBP-1: Forward, 5’ GGA CTC TGA CAC TGT TGC CTC TT -3’, Reverse, 3’ - AAC TTG TCC AGA ATG CCC AAA - 3’;
HSP70-1: Forward, 5’ - CCA TCG AGG AGG TGG ATT AGA G - 3’, Reverse, 5’ - TGC CCA AGC
AGC TAT CAA GTG - 3’; HSP70-3: Forward, 5’ - TGG CCT TGA GGA CTG TCA TTA TT - 3’,
Reverse, 5’ - GTC TAG GAC TTG ATT GCA GGA CAA A - 3’; BDNF: Forward, 5’ - AAT GTT CCA
GGT GAG AAG AG -3’, Reverse, 5’ - TGC AAC CGA AGT ATG AAA TAA CCA - 3’; GPR88:
Forward, 5’ - CTG GCA TCT CTC CCT CTG CTA T - 3’, Reverse, 5’ - GCA CTT GCC TGC TTG ATT
TG - 3’; PPIB-B: Forward, 5’- GGT GGA GAG CAC CAA GAC AGA -3’, Reverse, 5’- GCC GGA GTC
GAC AAT GAT G -3’
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3.2.5 Protein Extraction
Individual, frozen hippocampi were placed in sterile, plastic 5 mL tubes and homogenized briefly in
0.2 mL cold lysate buffer [20mM Tris-HCl, pH 7.4; 1.0 mM EDTA; 10% glycerol; 10mM Sodium
Molybdate + 2 H2O; 1mM DTT; one Roche Complete Mini protease inhibitor cocktail tablet per
10mL(Roche Applied Science, Indianapolis, IN)] using a teflon pestle. Following homogenization, each
sample was transferred to a 1.5 mL microcentrifuge tube, an additional 0.2mL cold lysate buffer was added,
and each was stored on ice until all samples were completed. The homogenates were centrifuged at 20800
xg, 4° C, for 15 minutes. Following centrifugation, the supernatants (containing the cytosolic extract) was
carefully transferred into a new tube. The pellet (containing the nuclear extract) was resuspended in 0.4mL
lysate buffer, and stored for later use. Protein concentrations were determined by Bradford Assay using the
SmartSpec Plus Spectrophotometer (Bio-Rad Laboratories, Hercules, CA). The cytosolic extract was
used to analyze protein levels of GRP78 and XBP-1 by Western Blotting.
3.2.6 Western Blots
Separate protein pools, each containing 30 μg cytosolic protein, were made for the HR (n=10), LR
(n=10), and SED (n=10) exercise groups and brought to a common volume with 1X TBS. An equal volume
of 2X loading buffer [125 mM Tris-HCl, pH 6.8; 0.5 mL 2-mercaptoethanol, 4% SDS; 0.01% bromophenol
blue; 20% glycerol] was added, and samples were heated to 100° C for 5 minutes, followed by a brief
centrifugation. Each sample was loaded in duplicate on a 10% Tris-HCl gel (Bio-Rad Ready Gel, 10 well;
Bio-Rad Laboratories, Hercules, CA), with a visible molecular marker in the first lane (TriChromRanger
Prestained Marker; Pierce, Rockford, IL) and separated by electrophoresis in 1X electrophoresis buffer
[25mM Tris base; 192mM glycine; 0.1% SDS] at 90 V until the 10kD reference band reached the bottom of
the gel.
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Following electrophoresis, the proteins were transferred on to PVDF nylon membranes (BoehringerMannheim, GmbH, Germany) for 90 minutes at 90 V using the Bio-Rad Trans-blot apparatus (Bio-Rad
Laboratories, Hercules, CA) with cold transfer buffer [25mM Tris base; 192 mM glycine; 20% methanol].
Western Blotting was carried out based on the protocol provided with the ECL Western Blotting
Chemiluminescence Detection kit (Amersham Biosciences/GE Healthcare, Piscataway, NJ). Briefly, the
membrane was blocked for 1 hour with 5% nonfat dry milk in TBS-T [Tris-buffered saline with 0.05%
Tween-20]. After blocking, the membrane was washed with TBS-T, four times for ten minutes each wash,
and incubated overnight at 4C with primary antibody diluted in 5% nonfat dry milk in TBS-T. The next
day, the membrane was washed as described and incubated with the appropriate HRP-conjugated secondary
antibody for one hour at room temperature. The membrane was washed again as indicated above and
detected as per manufacturer’s recommendations. As the bands corresponding to GRP78 (78kDa) and
XBP-1 (31kDa and 54kDa) were easily differentiated from each other, stripping between primary antibody
incubations was not necessary. Beta actin was run as a loading control. Primary antibody dilutions used
were: GRP78, 1:20000 (SPA-826F; Stressgen Biotechnologies, Victoria, B.C, Canada); XBP-1, 1:1000 (sc7160; Santa Cruz Biotechnologies, Inc., Santa Cruz, CA), Beta Actin, 1:5000 (ab6276; Abcam, Cambridge,
MA).
3.3 Results
We confirmed a large variation in voluntary activity levels in male C57Bl6/J mice for both the
three-day and the three-week trials (Figure 3.2). After three days with access to exercise wheels, 12/80
(15.0%) animals ran > 5 km/night and were classified as high runners (HR), while 8/80 animals (10.0%) ran
< 2 km/night and were classified as low runners (LR). Because mice will increase their voluntary running
levels for the first three to four weeks they have access to exercise wheels (Swallow, Carter et al. 1998;
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Koteja, Garland Jr. et al. 1999), our criteria for determining high versus low runners had to be adjusted.
After three weeks with access to voluntary exercise, 11/65 animals (16.9%) ran > 7.5 km/night (HR), and
7/65 animals (10.8%) ran < 3.5 km/night (LR).
Microarray analysis using pooled RNA from the hippocampus of 3-day exercise HR versus
sedentary animals (Table 3.2) revealed that eight genes from four different gene families were expressed at
lower levels in HR animals (p<0.05). The four gene families and corresponding genes include the
endoplasmic reticulum (ER) molecular chaperone family (GRP78/BiP, SFD2l-1,GRP58, TRA1), the HSP70 family (HSP70-1, HSP70-3), one G-protein-related protein (GPR88), and a transcription factor (XBP-1).
A similar gene list was obtained from microarrays comparing MR versus SED, with 7/8 genes (GRP78/BiP,
SFD2l-1, GRP58, XBP1, HSP70-1, HSP70-3, and GPR88) exhibiting similar expression profiles (albeit
slightly higher ratios) with significant p-values (p< 0.05) (Table 3.2). One gene identified as differentially
expressed between HR and SED animals, TRA1, was not significantly different in MR versus SED.
Pooled hippocampal RNA from HR and LR was also compared using microarrays, and four of the
same gene transcripts (GRP78, SDF2l-1, HSP70-1, and GPR88) were similarly under expressed in HR as
compared to LR (p< 0.05). One RNA transcript, GRP58, was not present on the version of array used for
this comparison, and three transcripts (XBP1, TRA1, and HSP70-3) exhibited questionable p-values (p<
0.1).
SYBR Green I quantitative Real-Time PCR (qRT-PCR) was used to validate the microarray results
using RNA from individual animals (Figures 3.3, 3.4, and 3.5). Seven genes (including GRP78/BiP,
SFD2l-1, GRP58, XBP-1, HSP70-1, HSP70-3, and GPR88) were chosen for validation, based on
magnitude of ratio, significance of p-value, and consistency of results across the three array comparisons.
Six of the seven genes tested were confirmed in the 3-day animal hippocampus using qRT-PCR, including
GRP78/BiP, SFD2l-1, GRP58, XBP-1, HSP70-1, and HSP70-3. For these six genes, expression levels
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were found to be significantly higher in the sedentary mice, as compared to HR mice (p<0.001). Transcript
expression levels increased as animals’ exercise intensity/duration decreased, with expression profiles
following the trend, HR<MR<LR<SED. Nearly identical expression profiles were obtained from the
hippocampi of mice run for 3-weeks (Figure 3.3). Interestingly, the g-protein coupled receptor, GPR88,
which was downregulated in HR as compared to both SED and LR, and had a significant p-value (p<0.05)
for every array comparison, was not confirmed in our qRT-PCR studies. We speculate this lack of
validation is due to primer design and/or alternative splicing events. Table 3.1 (p. 100) shows the excellent
agreement between ratios obtained from microarrays of hippocampal RNA from the three day exercising
study and the mean ratios determined using qRT-PCR performed on the same, individual animals.
For the six genes (GRP78/BiP, SDF2l-1, GRP58, XBP-1, HSP70-1, and HSP70-3) for which
microarray data was validated with qRT-PCR, highly significant negative correlations between wheel
running activity and hippocampal gene expression (Figure 3.6) were identified by linear regression analysis
using the least squares method.
Hippocampal protein expression, examined using western blots, reflected the transcript expression
levels confirmed with qRT-PCR for the two proteins tested (Figure 3.7). Levels of GRP78 protein were
lowest in the HR group, with intermediate levels in LR, and highest levels in SED animals. Both the
processed (54 kDa) and unprocessed forms of XBP-1 (31 kDa) followed similar expression profiles.
Quantitative RT-PCR was also performed for hippocampal mRNA levels of GRP78/BiP, SDF2l-1,
GRP58, XBP-1, HSP70-1, and HSP70-3, comparing the animals that ran and then had their wheels locked
to sedentary controls. No differences were detected between these two groups (data not shown).
To assess expression profiles of selected genes from our list in other tissues, we performed qRTPCR on individual animal RNA from an additional central location (hypothalamus) as well as the periphery
(gastrocnemius muscle). Results for the hypothalamus were similar to the hippocampus at both the 3-day
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and 3-week time points. GRP78/BiP, SDF2l-1, and GRP8 were all expressed at highest levels in sedentary
animals, followed by LR, and at lowest expression levels in HR (Figure 3.4). Quantitative RT-PCR for
HSP70-1 and HSP70-3 was not performed for the 3-week hypothalamus samples.
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Figure 3.2: Voluntary physical activity levels in male C57Bl/6J mice given access to exercise wheels for
either 3 days (A) or 3 weeks (B). Expressed as mean kilometers run per night ±SEM. Three day study, n =
80. Three week study, n = 65. Each diamond () represents an individual animal
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Table 3.2: Variation in Gene Expression with Level of Exercise (Genes Consistent Across Three Microarray
Comparisons). The data shows genes consistently and similarly regulated across three sets of microarrays, including
HR/LR, HR/SED, and MR/SED. Ratios listed are non-logged.
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Figure 3.3: Quantitative RT-PCR confirmation of microarray results. Hippocampal messenger RNA
expression levels of three ER chaperone genes (GRP78/BiP, SDF2l-1, and GRP58), their transcription
factor XBP-1, and two heat shock protein 70 family members (HSP70-3 and HSP70-1) are illustrated for
both three day (n=80) and three week (n=65) experiments. Expression levels are indicated as gene of
interest/cyclophilin B (Ppib) in arbitrary units (A.U.) ±SEM. HR, high runner (n=8); MR, low runner
(n=8); LR, low runner (n=8); SED, sedentary control (n=8). *p<0.001 decreased vs. LR; †p<0.005
decreased vs. SED; **p<0.05 increased vs. LR.
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Figure 3.4: Hypothalamic messenger RNA expression levels of three ER chaperones (Grp78/BiP, Sdf2l-1,
and Grp58) in mice that exercised for three weeks (n=65). Expression levels are indicated as gene of
interest/cyclophilin B (Ppib) in arbitrary units (A.U.) ±SEM. HR, high runner (n=8); LR, low runner
(n=8); SED, sedentary control (n=8). *p<0.001 decreased vs. LR; †p<0.005 decreased vs. sed; **p<0.05
increased vs. LR.
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In skeletal muscle, changes in transcript expression levels in relation to activity were smaller than
those seen in the brain, or they were absent altogether (Figure 3.5). GRP78/BiP and SDF2l-1 were
expressed at highest levels in sedentary animals (p<0.05) as compared to HR and LR, but there was no
statistical difference found between categories of exercise (HR versus LR) in this tissue. Likewise, no
statistical difference was found to exist between groups for GRP58. In contrast, expression levels of
HSP70-1 and HSP70-3 were highest in the HR animals (p<0.05) as compared to LR and SED, with no
statistical difference between LR and SED for HSP70-3. HSP70-1 was expressed at the lowest levels in the
sedentary animals (p<0.05 as compared to LR), with intermediate levels found in LR.
Our microarray results failed to reveal any changes in the expression of brain derived neurotrophic
factor (BDNF) in any of the comparisons we addressed (Figure 3.8A). Further analysis, however, revealed
that our microarray oligonucleotide sequence aligned with an exon IV splice variant, one that has not been
reported to be upregulated with exercise (Oliff, Berchtold et al. 1998) (Figure 3.8C). When a primer pair
was designed to align with the exon I variant, an exercise dependent increase in the expression level of this
transcript was seen in the hippocampus of 3-day animals, with HR overexpressing BDNF approximately 1.3
times (p<0.001), as compared to either LR or sedentary animals (Figure 3.8B).
3.4 Discussion
In these studies, we have repeatedly shown that male C57Bl/6J mice given access to voluntary exercise
wheels will exhibit marked intra-strain variation in physical activity levels and that high-level performers (HR)
will run 7 - 10x more than low-level performers (LR). Microarray analysis of hippocampal RNA
demonstrated that several members of the endoplasmic reticulum chaperone gene family (GRP78, SDF2l-1,
and GRP58) as well as their common transcription factor (XBP-1) were downregulated in HR or MR when
compared to LR or SED controls. These results were validated using quantitative RT-PCR. Statistically
significant negative (p<0.001) correlations were demonstrated between mRNA expression levels and
exercise intensity/duration for the four aforementioned genes. Protein expression levels of GRP78 and both
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Figure 3.5: Peripheral skeletal muscle (gastrocnemius) messenger RNA expression levels of three ER
chaperones (GRP78/BiP, SDF-1, and GRP58) and two heat shock protein 70 family members (HSP70-3
and HSP70-1) in mice exercised for 3 days (n=80). Expression levels are indicated as gene of
interest/cyclophilin B (Ppib) in arbitrary units (A.U.) ±SEM. HR, high runner (n=8); LR, low runner
(n=8); SED, sedentary control (n=8). *p<0.001 decreased vs. LR; †p<0.005 decreased vs. SED; **p<0.05
increased vs. LR, ††p<0.05 increased vs. LR or SED, ‡p<0.05 decreased vs. LR.
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Figure 3.6: Scatterplot correlations between transcript expression levels (gene of interest/cyclophilin B
(A.U.)) of three ER chaperone genes (GRP78/BiP, SDF2l-1, and GRP58), their transcription factor (XBP1), and two heat shock protein 70 family members (HSP70-3 and HSP70-1) and three-day voluntary
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expression are statistically significant for all genes.
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Figure 3.7: Western Blot analysis of GRP78, XBP-1s (processed form), and XBP-1u (unprocessed form),
with beta-actin as loading control. Levels of GRP78, XBP-1s (spliced form) and XBP-1u (unspliced form)
all reflect the transcript expression levels, with sedentary animals (n=10) exhibiting the highest levels,
followed by intermediate levels in LR (n=10), and with lowest levels in HR (n=10).
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Figure 3.8: Alternative splicing of brain derived neurotrophic factor (BDNF). Our microarrays did not
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the processed and unprocessed forms of XBP-1 reflected the transcript expression levels in the hippocampus.
Transcript expression levels of two heat shock genes (HSP70-1 and HSP70-3) were found to be similarly
related to exercise levels in the hippocampus and hypothalamus, but were upregulated in the gastrocnemius
muscle of HR versus LR or SED mice in the periphery.
To elucidate whether the changes in transcript expression levels we describe were causal for the
differences in voluntary physical activity or a result of the exercise, we forced the second highest decile of
animals from the 3-day experiment to become sedentary for one week before their tissues were collected for
transcript expression analysis. An equal number of sedentary control animals were maintained for this group.
Based on the results from this data,which demonstrated no statistical difference between groups (not shown),
we were able to conclude that the changes in transcript expression were most likely a result of the voluntary
exercise and not causal for it.
Several groups have addressed home cage activity patterns and how they compare to voluntary exercise
in a running wheel setting (Mather 1981; Sherwin 1998; Harri, Lindblom et al. 1999; Koteja, Garland Jr. et al.
1999; deVisser, Bos et al. 2005). All report similar findings, namely that wheel running competes only with
certain home cage behaviors, primarily climbing (Harri, Lindblom et al. 1999; Koteja, Garland Jr. et al. 1999),
only during the normally active (dark) phase, and that it seems to induce increases in overall activity levels
(Harri, Lindblom et al. 1999; Koteja, Garland Jr. et al. 1999; deVisser, Bos et al. 2005). We chose to use
animals with locked wheels as sedentary controls to ensure uniformity of the home cage environment.
Animals with locked wheels do not exhibit markedly increased levels of home cage activity (Harri, Lindblom
et al. 1999; Koteja, Garland Jr. et al. 1999; Koteja, Swallow et al. 1999) as compared to the overall activity
levels of those with exercise wheels. In contrast, high running animals may actually be more active on the cage
floor (Harri, Lindblom et al. 1999; deVisser, Bos et al. 2005).
Physical activity is thought to protect individuals from the damaging effects of stress (NehlsenCannarella 1998; McArdle and Jackson 2000; Minois 2000; Moseley 2000), and although the exact
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mechanisms remain unclear, heat shock proteins and molecular chaperones are believed to play an integral role
(Locke and Noble 1995; Fehrenbach and Niess 1999; Gonzalez, Hernando et al. 2000). Members of the
HSP70 family have been particularly well studied and shown to be upregulated following heat stress and
exercise, as well as under many other physiologically stressful conditions (Fehrenbach and Niess 1999; Walsh,
Koukoulas et al. 2001). Our animals demonstrated expected upregulation of HSP70-1 and HSP70-3 in the
gastrocmenius muscle in response to high levels of voluntary exercise, but surprisingly they demonstrated
decreased levels of these and several ER stress-related mRNAs in the CNS (hippocampus and hypothalamus).
Belter et al. recently reported a similar “surprising observation” in which the amount of wheel running during
a six day exercise protocol had a statistically negative effect on levels of heat shock proteins in the triceps
surae (Belter, Carey et al. 2004). Although the Belter et al. data are not exactly consistent with our results,
they nonetheless suggest that high levels of voluntary exercise are having a paradoxical effect on expression of
certain heat shock proteins.
Heat shock/chaperone proteins are thought to function as a “quality control” mechanism to ensure that
only properly folded proteins are processed within the cell. Endoplasmic reticulum (ER) chaperones
specifically regulate the synthesis and folding of secretory and membrane proteins that must proceed through
the ER to the golgi apparatus (Kim and Arvan 1998). They function to prevent exportation of improperly
folded proteins from the ER, and to initiate the removal of misfolded, incompetent proteins. The ultimate goal
of this process, known as the Unfolded Protein Response (UPR) (Brewer, Cleveland et al. 1997; Harding,
Calfon et al. 2002; Hendershot 2004), is to reduce potential harm to a cell posed by proteins prone to
aggregation and malfunction (Haas 1994; Ellgaard and Helenius 2001; Rao, Peel et al. 2002). Glucoseregulated protein (GRP78), also known as immunoglobulin heavy chain binding protein (BiP), is an ER lumen
protein whose expression is induced during ER stress. It is considered to be the “master regulator” of ER
function, and it activates the UPR under conditions of cellular stress (Hendershot 2004). GRP78 is also
responsible for maintaining the permeability barrier of the ER during protein translocation, directing protein
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folding and assembly, and targeting misfolded proteins for retrograde translocation and degradation by the
proteosome (Dorner, Wasley et al. 1992; Brewer, Cleveland et al. 1997; Laitusis, Brostrom et al. 1999;
Hendershot 2004). It also contributes to the homeostasis of ER calcium stores (Hendershot 2004).
XBP-1 is a common transcription factor of several UPR genes, including GRP78, GRP58, GRP94, and,
we speculate, SDF2l-1(Lee, Iwakoshi et al. 2003). It is classified as a bZIP protein, belonging to the basic
region/leucine zipper family of transcription factors (Liou, Boothby et al. 1990; Yoshida, Matsui et al. 2001;
Lee, Tirasophon et al. 2002). Under conditions of ER stress, a 26 base pair intron is excised from the
unprocessed XBP-1 message (XBP-1u) by the autophosphorylating kinase, IRE-1 (Paschen 2003). The
autophosphorylation is controlled by GRP78 (Paschen 2003). This splicing event causes a frameshift
mutation, resulting in the conversion of a 267-amino acid XBP-1u (encoded by unspliced Xbp-1u mRNA) to a
371-amino-acid XBP-1s (encoded by spliced XBP-1s) (Lee, Iwakoshi et al. 2003; Paschen 2003). Active
XBP-1s then translocates to the nucleus where it induces transcription of other ER chaperone genes.
As heat shock proteins are generally thought to increase in muscle in response to exercise, particularly
to strenuous exercise (Kilgore, Musch et al. 1998; Ecochard, Lhenry et al. 2000; Febbraio and Koukoulas
2000; Gonzalez, Hernando et al. 2000; Milne and Noble 2002), we determined expression levels of the HSP 70
family members, HSP70-1 and HSP70-3, and compared them to the endoplasmic reticulum chaperones. We
found that while these two inducible forms of the HSP70 family were upregulated in the gastrocnemius muscle
in response to high levels of physical activity, they, as well as several ER molecular chaperones (GRP78/BiP,
GRP58, SDF2l-1) and their transcription factor, XBP-1, were all decreased in the brain. Likewise, the three
ER molecular chaperones and their transcription factor were all downregulated with high levels of voluntary
exercise in the periphery. These observations, together with the fact that hippocampal protein levels of both
GRP78 and XBP-1 (both the unprocessed and processed forms) were lower in HR than in LR or SED animals,
suggest that animals choosing to exercise at the highest observed levels (> 5 km/night) have a reduced level of
ER stress that is shown by the downward shift in the expression of these genes and their protein products.
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Recent speculation has suggested a link between epigenetic mechanisms and their potential effects on
behavior, neurophysiology, and neuropathology (Levenson and Sweatt 2005). Weaver et al. have suggested
that certain events during perinatal development result in epigenetic tagging of the genome, leading to longterm changes in behavior (Weaver, Cervoni et al. 2004). Based on the strong heritability models of voluntary
exercise in laboratory rodents and the individual animal variation seen among inbred strains of mice, we
speculate the behavioral patterns associated with voluntary wheel running are likely to be resultant from
similar mechanisms. Evolutionary physiologists are focusing increasing attention on the cellular stress
response as a potential selective force on organismal biology (Feder and Hofmann 1999). Voluntary physical
activity performance is one aspect of “whole animal physiology” that is capable of inducing the stress response
(Belter, Carey et al. 2004), and so may prove to elicit a powerful influence on heredity and evolution.
In addition to elucidating the potential involvement of ER molecular chaperones in the response to high
levels of voluntary exercise, this study also revealed several important limitations associated with microarrays
and alternative splicing. It is now estimated that up to 74% of all human genes undergo alternative splicing
(Johnson, Castle et al. 2003), and it is expected that this phenomenon plays a vital role in the complexity of the
human proteome. Alternative splicing has been implicated as significant throughout the development,
physiology and pathogenesis of many diseases, with estimates that at least 15% of reported point mutations
known to cause human disease affect splicing, and that 70-88% of all alternative splicing events affect the
corresponding protein product (Johnson, Castle et al. 2003; Zhu, Shendure et al. 2003). We have two genes on
our list for which we speculate alternative splicing to contribute to complicating the analysis, GPR88 and
BDNF.
G-protein coupled receptor 88 (GPR88) is a striatum-specific orphan G-protein-coupled receptor
(Mizushima, Miyamoto et al. 2000). The gene has three exons (exon-exon junctions at 341bp and 3078bp)
with one coding sequence spanning the 3’end of exon II and the 5’end of exon III. The oligonucleotide
sequence for GPR88 on our microarrays aligned to the 3’ end of the coding sequence from 2528bp to 2596bp.
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When we designed primers for GPR88, they were directed to cross the exon I-exon II junction at 341bp, rather
than corresponding to the location of the oligonucleotide on the array. We failed to confirm the results from
the microarray experiments, possibly due to this primer pair design. Further experimentation is necessary to
determine what alternative splice forms exist for this transcript, and what roles the different variants may play
in a voluntary exercise paradigm.
Another example by which we speculate alternative splice variation to have affected our microarray
analysis involved brain derived neurotrophic factor (BDNF). BDNF has rapidly emerged as a key player in
neuroplasticity responses, and many groups have described certain splice variants as upregulated throughout
the CNS in response to exercise (Neeper, Gomez-Pinilla et al. 1996; Oliff, Berchtold et al. 1998; Molteni, Ying
et al. 2002). It is a pro-survival factor necessary for neuron maintenance throughout both the central and
peripheral nervous systems, and it has been widely documented in recent years that certain splice variants (I, II,
and III) are upregulated with physical activity (Oliff, Berchtold et al. 1998; Cotman and Berchtold 2002;
Molteni, Ying et al. 2002; Adlard, Perreau et al. 2004). The gene contains eight exons with four different
promoters. It is transcribed into at least eight different mRNAs with four different 5’ ends and two alternative
polyadenylation sites (Timmusk, Palm et al. 1993). Exon XIII, located at the 3’ end contains the single coding
region, and all transcripts include this exon. BDNF mRNAs containing exons I, II, and III are expressed
predominantly in the brain, while exon IV predominates in the lung and heart (Timmusk, Palm et al. 1993).
Expression levels of splice variants containing exons I, II, and III have been reported to increase in response to
exercise (Oliff, Berchtold et al. 1998; Cotman and Berchtold 2002; Molteni, Ying et al. 2002; Park and Kwon
2003; Adlard, Perreau et al. 2004), however our microarrays did not confirm this finding. Because the
oligonucleotide sequences we used on our microarrays were all mapped to the 3’ends of the transcript
sequences, we assumed that the array was detecting exon XIII and therefore all possible transcripts in the
samples. With further analysis, we matched the array sequence to an exon IV variant of BDNF, and thus we
were able to definitively explain the lack of the expected increase in response to exercise. After designing a
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primer set to hybridize to the exon I splice variant, an increase in expression comparable to those described by
others (Haas 1994; Tong, Shen et al. 2001; Gomez-Pinilla, Ying et al. 2002; Adlard, Perreau et al. 2004) was
confirmed by qRT-PCR (Figure 3.8).
Confirmation of the exercise-induced increase in BDNF was important for two reasons. First, it served
to validate our model of voluntary exercise. Second, it could help to explain the mechanism by which high
levels of voluntary exercise cause decreases in ER stress proteins. Twenty years ago, it was confirmed that
derangements in cellular calcium levels, more specifically, decreases in ER calcium along with concurrent
increases in cytoplasmic calcium, are associated with neuronal cell death (Paschen 2003). Depletion of ER
calcium stores is a severe form of stress that is potentially lethal for cells, inducing the unfolded protein
response and upregulating expression of ER chaperones and their transcription factors. If the inciting stress is
not corrected and homeostasis restored, an apoptotic cascade is initiated and the cells are killed by activation of
caspase-12 via a PI3-K signaling pathway (Shimoke, Kudo et al. 2003; Shimoke, Utsumi et al. 2004). Shimoke
et al. have recently suggested that BDNF can prevent cell death induced by ER stress by inhibiting the PI-3K
pathway responsible for the activation of caspase-12 (Shimoke, Utsumi et al. 2004). In addition, Park et al.
(Park and Kwon 2003) have suggested that induction of BDNF may be related to calcium influx through Ltype calcium channels (L-VSCCs) and that ER stress attenuates BDNF expression. These findings thus
suggest a potential explanation for our ER chaperone expression patterns, as well as a common mechanism
between increases in BDNF and decreased levels of ER stress.
Exercise is known to affect nearly every organ system in the body, including the brain and CNS.
Regular cardiovascular exercise increases levels of BDNF and other neurotrophins (Cotman and EngesserCesar 2002), which serve to increase neural plasticity and synaptic development (Lu and Chow 1999) as well
as enhance neurogenesis (van Praag, Christie et al. 1999) well into adult life. As the fastest growing age sector
in the United States is reported to be adults aged 65 years and older (Weuve, Kang et al. 2004), and because
the risk factors for diminished cognitive function in the aged include lack of physical activity, it seems logical
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to suggest that exercise may be the easiest way to enhance and protect brain function. Muchowski et al.
(Muchowski 2002; Muchowski and Wacker 2005) suggest that neurodegenerative diseases including
amyotrophic lateral sclerosis, Alzheimer’s, Parkinson’s, Huntington’s and polyglutamine disorders may all
share a common pathogenic mechanism involving ER molecular chaperones, as they are all characterized by
conformational changes in proteins that result in misfoldling, aggregation, and intra- or extra-neuronal
accumulation of amyloid fibrils. Furthermore, Paschen (Paschen 2003) has described the ER as a primary
target in various disorders and degenerative diseases of the brain. Exercise has been shown to ameliorate
clinical signs of Alzheimer’s disease in a transgenic model, and to actually slow the typical neuropathological
progression and decrease overall beta amyloid loads in affected individuals (Adlard and Cotman 2004).
Based on the changes in molecular chaperone gene and protein expression we report herein, along with
the well-documented effects that exercise exhibits on expression of BDNF, and the impact BDNF has on
neuron maintenance and development, we speculate that these mechanisms are working in concert to influence
neural plasticity, and to produce a protective effect on CNS neurodegeneration and cognitive performance in
physically active individuals. Additional investigation of potential molecular mechanisms and upstream
signals will be necessary to further clarify and expand upon these theories, and to determine precisely what
role epigenetic influences may have on the associated phenotypes.
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SUMMARY AND CONCLUSIONS

123

The studies described herein recreate several documented phenotypes in the male C57Bl/6J mouse and
present several novel phenotypic discoveries as well as neoteric findings regarding gene expression as it relates
to voluntary exercise. They also identify some of the potential pitfalls typical of studies using microarray
technology. In the first set of experiments, detailed in chapter 2, we define our voluntary exercise animal
model and expound on husbandry details and dietary effects on physical activity levels. This model allowed us
to conclude that adequate intrastrain variation in voluntary exercise levels existed in the male C57Bl/6J mice to
divide animals into deciles based on running distances, regardless of what diet the animals were weaned or
transferred onto. Important for our gene expression studies (reported in chapter 3 of this work), we established
that after three days with access to exercise wheels, greater than 95% of high runners (as determined by overall
average numbers of kilometers run per night at the end of 11 weeks) would rank above the daily median
number of kilometers, and that more than 60% of these animals always ranked in the top decile for each day.
This observation was invaluable to our experimental design for the gene and protein expression studies, as it
identified the shortest experimental time possible to establish an extreme exercise phenotype.
Throughout our phenotype establishment experiments we were able to recapitulate several previously
documented traits related to exercise, to dietary fat, and to the C57Bl/6J strain. Several groups have reported
that murine running wheel performance will typically increase for three to four weeks, plateau, and then
begin to decline (Sherwin 1998; Swallow, Carter et al. 1998; Harri, Lindblom et al. 1999; Koteja, Garland Jr.
et al. 1999), and that voluntary running behavior tends to be most active between 8 and 16 weeks of age, with
speed peaking during the third month (Lapvetelainen, Hyttinen et al. 2002). We observed similar results in
our 11 week experiment, and we were able to exploit this behavior to optimize exercise performance
throughout several of our later experiments. Many of our exercise wheel studies were executed over three
weeks duration, and all running wheel experiments were commenced at 10 weeks of age.
When Michael Festing conducted his ranking experiment with 26 inbred mouse strains, he reported
consistent and considerable intrastrain variation amongst several strains that are closely related to the
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C57Bl/6J (Festing 1977). He also suggested that closely related strains exhibit similar activity levels. More
recently, Lerman et al. (2002) declared the C57Bl/6J strain to be one that performs well in a voluntary
exercise paradigm, but one that performs rather poorly when forced to run on a treadmill. Our lab
demonstrated repeatedly that male C57Bl/6J mice given access to voluntary exercise wheels will exhibit
marked intrastrain variation in physical activity levels and that high-level performers will run up to 7-10
times more than low-level performers. We feel we were able to utilize this strain’s willingness to run on a
wheel to acheive the performance levels necessary to build our model. The final phenotypic recreation we
recognized was that our male C57Bl/6J mice exhibited significant variation in weight gain and adiposity
when placed on a high fat diet (Kozak and Rossmeisl 2002; Rossmeisl, Rim et al. 2003). These results are
described throughout chapter 2.
We also made many previously unreported observations regarding diet, voluntary exercise, and
changes in body weight and adiposity. Unexpectedly we discovered that when placed on a high fat diet,
male C57Bl/6J mice would increase their voluntary exercise levels up to 20% over those on a low fat diet or
standard rodent chow. Furthermore, when given the opportunity to exercise, animals on high fat diet were
able to maintain their body weights and decrease adiposity levels, despite consuming increased kilocalories
as compared to pre-wheel amounts. In comparison, age-matched sedentary controls on high fat diet were
documented to gain significantly more body weight and body fat over the same time period.
Several research groups have addressed how voluntary activity levels in rodents may affect obesity in
susceptible individuals (Bell, Spencer et al. 1995; Bell, Spencer et al. 1997; Astrup 1999; Moore 2000; Yuan,
Fontenele-Neto et al. 2004), and most have reported little to no change in activity levels when animals are
placed on a high fat diet (Yashiro and Kimura 1979; Bell, Spencer et al. 1995). To further investigate these
experimental inconsistencies, we performed several (unreported) pilot experiments comparing four different
strains of mice with varying tendencies for development of dietary induced obesity when given high fat diet.
We compared voluntary running wheel activity levels in two strains of mice susceptible to obesity (C57Bl/6J
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and AKR/J) and two strains of mice resistant to obesity (A/J and SWR/J). In each study, the animals were
placed on either a high fat or a low fat diet (diet previously described in chapter 2) upon arrival at our facility
and then given access to the voluntary exercise wheels at 10 weeks of age. We found that only the C57Bl/6J
animals increased voluntary exercise levels when placed on the high fat diet, and that although all strains
exhibited significant changes in body weight and composition, these changes were most dramatic in the
C57Bl/6J mice. We speculate that this effect may be related to an inherent adaptive response to maintain
energy balance and to prevent dietary-induced obesity in certain individuals. Additional experiments are
necessary to expound on these theories and to elucidate any responsible mechanisms.
Our gene expression studies indicated that several members of the endoplasmic reticulum (ER)
molecular chaperone family (GRP78, SDF2l-1, and GRP58) along with their transcription factor (XBP-1)
were differentially regulated with respect to exercise, and were expressed at lower levels in high running
animals than in other deciles or sedentary controls. Similar results were obtained for two Heat Shock Protein
70 family members (HSP70-1 and HSP70-3) in the hippocampus, whereas these two genes were found to be
upregulated with respect to exercise in skeletal muscle. We also determined that certain splice variants of
brain derived neurotrophic factor (BDNF), were upregulated in the hippocampus of high running animals.
Based on the downward shift in the expression levels of ER chaperone genes and their protein products,
along with the concurrent upregulation of BDNF, we surmise that animals choosing to exercise at the highest
levels (> 5 km/night) were undergoing a downward shift of the physiological stress response as perceived by
the CNS. We speculate that the cellular stress machinery may be working in concert with certain
neurotrophic mechanisms to influence neural plasticity, and to produce a protective effect on CNS
neurodegeneration and cognitive performance in physically active individuals. Furthermore we conclude
that genes from the molecular chaperone family, a well-described environmentally sensitive gene family, are
differentially regulated in response to voluntary exercise in an inbred mouse strain, specifically the C57Bl/6J.
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Additional experimentation is necessary to further investigate the implicated molecular mechanisms and to
clarify and expand upon the possible integration of upstream signals
Finally, these studies brought to light several important issues related to microarray technology,
particularly concerning alternative splicing. Typically, sequences on an oligonucleotide microarray are short,
30 to 100 nucleotides in length. When designing the sequences for our arrays, we chose to take advantage of
dT-primed 3’to 5’ reverse transcriptase activity during labeling and to optimize hybridization of the reverse
transcription products to the desired target sequences by matching all of our oligonucleotide 70-mers to the
3’ ends of the gene sequences. We postulate that confirmation of our array results was hindered by this
technique for at least two genes, as discussed in chapter 3. As experiments using microarray technology are
becoming increasingly popular, we feel our current findings are exceedingly relevant and should be
considered in the interpretation of any resultant array data.
Future investigation into these topics should concentrate on drawing together the speculations and
conclusions we describe herein. Interestingly, the exercise response to a high fat diet described in our
studies was detected only in C57Bl/6J animals. Additional experiments should be directed toward
identifying whether this phenotypic manifestation is related to the strain’s propensity to gain weight,
adiposity, and develop metabolic derangements on a high fat diet, it’s willingness to perform in a voluntary
exercise paradigm, or some combination of these theories. Furthermore, additional studies should be
conducted to identify and elucidate details of the molecular mechanisms controlling both the endoplasmic
reticulum stress response and neurotrophins such as BDNF, as well as possible interrelated pathways
between the two, as they apply to voluntary exercise. Further investigation may lead to clinically relevant
solutions that could alleviate many detrimental effects related to neurodegenerative diseases, and could
identify ways to enhance and protect brain function in today’s aging and physically inactive society.
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